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I. INTRODUCTION 
The purpose of these experiments was to study the en­
vironment of the boron nucleus in the transition metal 
borides, utilizing the methods of nuclear magnetic resonance 
(nmr). The nucleus interacts with the effective magnetic 
field through its dipole moment, and it interacts with the 
electric field gradient (EFG) through its electric quad-
rupole moment. A study of these interactions provides in­
formation which, with the aid of theory, is very useful in 
determining the magnetic and electric environment of the 
nucleus. 
3 11 For the most part, the nuclear signal of the spin ^  B 
resonance was observed, since this isotope is more abundant 
and sensitive than the spin 3 isotope. Occasionally, 
the ^^B isotope was studied, primarily to take advantage of 
the spin 3 spectrum, which is more resolved than the spin ^  
spectrum, and is useful in determining small quadrupole 
couplings. 
The thesis is divided into three major topics, the dis­
cussion of each being spread throughout three chapters deal­
ing with theory, experimental methods, and results and their 
comparison with theory. One topic deals with the theory and 
results of the ^^B nuclear spin-lattice relaxation rate 
measurements in the transition metal diborides. Another 
2 
deals with the magnetic ordering of CrB^ and MnBg. The 
third is concerned with the calculation of theoretical sat­
ellite lineshapes and their comparison with experimental 
traces to extract the EFG parameters in the transition metal 
monoborides. 
The spin-lattice relaxation times, T^, were measured 
using the tone-burst method developed by Look and Locker (1). 
This method is essentially a continuous wave (cw) method, 
well suited to measure the T^ of a nucleus which presents 
a strong, fairly narrow signal. Look and Locker developed 
the tone-burst theory for spin ^  nuclei, and this has been 
3 
extended to apply to spin nuclei in the presence of a 
large quadrupole interaction. In this case only the central 
line is affected by the rf-field, but subsequent relaxation 
occurs between all adjacent levels. The relaxation is con­
siderably more complex in this case, but the tone-burst 
method is still applicable. 
The results of the T^ measurements are presented in 
Chapter IV. The spin ^  theory and relaxation mechanisms 
are discussed in Chapter II. The tone-burst theory has been 
extended (see Appendix) to apply to spin ^  nuclei, and the 
equipment is discussed in Chapter III. 
Both CrBg and MnBg have especially interesting magnetic 
properties. It has been found that CrBg orders antifer-
romagnetically at 88°K, and that the ordering is apparently 
3 
without local moment as in pure Cr (2). The Néel tempera­
ture was measured by nmr. The MnBg orders both antifer-
romagnetically^ (3) and ferromagnetically*- (4) . This sample 
provides the exceptionally unusual situation in which the 
hyperfine field due to the Mn ions in the antiferromagnetic 
state almost cancels at the boron site. This allows obser­
vation of the nuclear signal by conventional nmr even in the 
antiferromagnetic region. The Curie temperature was measured 
by nmr. The theory, experimental methods, and results and 
discussion of the MnBg and CrBg experiments are presented in 
Chapters II, III, and IV, respectively. 
The third topic deals with the theory and results of 
the measurement of the EFG parameters in the transition metal 
monoborides. The EFG in the monoborides are non-axial (the 
structures are orthorhombic and tetragonal) and are character­
ized by two parameters, T) and Synthetic broadened satel­
lite lineshapes were generated by computer and these were 
compared with experimental traces to obtain values of t] and 
Vq. The discussion and results are again presented in Chap­
ters II, III and IV. 
There have been three previous nmr investigations of 
T . .  V .  r * V * o r ' r ' X 7  r * c  T  r v v r a  Q - l - a - t - o  T T r > - î  - i - J - t r  
Ames, Iowa. Mossbauer effect data. Private communication. 
1969. 
transition metal borides. Silver and Kushida (5) investi­
gated the Knight shift and quadrupole interaction of the 
nucleus in several diborides. Malyuchkov and Povitskii (6) 
measured the quadrupole interaction in several transition 
metal diborides, and the same workers (7) investigated the 
nmr in CrB and in pure boron. The results of the Knight 
shift measurements of Silver and Kushida have been utilized 
in discussing a Korringa-like relationship for the borides. 
Several comparisons of the results of these investigations 
are made with this work and, where the experiments overlap, 
good agreement has been found, with two exceptions. Silver 
11 
and Kushida (5) report the observation of the Cr B^ reso­
nance at temperatures below 88°K and this is thought to be 
in error, and Malyuchkov and Povitskii (7) discuss the Cr^^B 
quadrupole interaction without considering the asymmetry of 
the EFG. 
There is an unusual situation existing regarding the 
electronic environment in the borides, especially the mono-
borides. There is still a great deal of uncertainty regard­
ing the band structure, bonding, and type of electron trans­
fer that occurs in the monoborides. Since the results of 
the EFG measurements have some applicability to this problem, 
the results of several previous investigations will be pre­
sented in some detail before proceeding to Chapter II. 
The transition métal borides, noted for their chemical 
5 
inertness, hardness and brittleness, and high melting tem­
peratures, are generally regarded as refractory hard metals. 
The borides often have melting temperatures much higher 
(1000°C) than those of their parent metals, and are usually 
considerably superior electrical conductors. Many borides 
are strongly paramagnetic; several order magnetically, some 
having ordering temperatures above room temperature. 
Several theories of bonding, electron transfer, and band 
structure have been advanced in explanation of these prop­
erties. With minor variations or refinements, these theories 
fit one of two models, dependent on the type of electron trans­
fer that occurs. In the first model, it is proposed that the 
metal atom donates electrons (usually one per boron atom) to 
the boron atoms. These electrons then form strong, localized, 
hybridized covalent bonds with neighboring boron atoms. This 
model is agreeable from a chemical standpoint, since it is 
compatible with accepted ideas concerning electronegativities, 
ionization potentials, and bonding requirements of covalent 
bonds. The second model is one in which the boron atom 
2 1 (2 2 ground state) yields one or more electrons to metal-
s p 
like d-bands. It is then assumed that the remaining elec­
trons form covalent bonds. This model has been proposed to 
explain electrical, magnetic, and specific heat measurements. 
Tuci. c is ooiivlinjiiiy eA-per liiieiiLdl evicleiice in tiuppui. L of 
both theories. To facilitate illustration of the confusion 
D 
and difficulty encountered in determination of the electronic 
environment of the borides, some of the experimental results 
and theoretical arguments supporting the contradictory 
theories will now be presented. In Part IV on the mono-
borides, data relevant to the electronic environment of the 
boron nucleus will be presented in conjunction with the con­
clusions reached concerning electron transfer and bonding. 
Pauling (8) argues that electrons will be transferred 
from the less electronegative metal atom which has a value 
of 1.5 to 2.0 to the more electronegative boron atom which 
has a value of approximately 2.0. For example, he suggests 
that about one-third of an electron per Fe atom would be 
transferred from Fe to the B atom in FeB. This argument ap­
pears valid regarding the B-B bond length in FeB. 
Longuet-Higgens and de V. Roberts (9), and Lipscomb 
and Britton (10) calculated bonding requirements for various 
boride structures. Lonquet-Higgens and de V. Roberts inves­
tigated theoretically the electronic structure of the metal 
borides, MB^, utilizing the tight-binding approximation 
(LCAO molecular orbital approximation). They believe that 
the metal atoms yield two electrons to the covalent boron 
2+ 2— bonds, leading to a M (B^) configuration. They claim 
that this model is consistent with structure, stability, and 
electrical properties of the Î-ÎB^ borides. Lipscomb and 
Britton discussed bonding in MBg, NB^, MB^ and MB^^ structures 
7 
and concluded that electrons are transferred from the more 
electropositive metal atoms to fill covalent bonding require­
ments in the boron chains and networks present in the borides. 
Johnson and Daane (11) measured Hall coefficients of 
several borides and found that there is one free electron 
per Y atom in YBg, YB^, and YB^g* This is in accord with 
the electron structures predicted by Lonquet-Higgens and 
de V. Roberts, and Lipscomb and Britton. For example, they 
found one conduction electron in YBg. Trivalent Y gives up 
two electrons to boron covalent bonds, with the third going 
into a conduction band. 
As the final piece of evidence supporting the transfer 
of electrons to the boron atoms. Silver and Kushida (5) 
found that the nuclear quadrupole interaction is small in 
the transition metal diborides, consistent with no p-elec-
tron contribution to the electric field gradient. To ex-
— 2 plain this, they assume a B (sp )p^ configuration which has 
a zero field gradient at the boron nuclear site. The small 
quadrupole interaction is then assumed to be due to neigh­
boring point ions, conduction electrons, and subsequent dis­
tortion of hybrid covalent boron bonds. 
Kiessling (12), who has done an enormous amount of 
crystallographic work on many borides, supports the opposite 
theory in regard to transfer of electrons, in which electrons 
are assumed to be transferred from the boron atoms. He cites 
8 
the lack of double bonds and the slight deviation from 120° 
of the B-B-B bond angle in FeB boron chains as evidence of 
the transfer of electrons away from the boron atom. 
Lundquist and co-workers propose a three band model for 
the monoborides on the basis of their magnetic moment, mag­
netic susceptibility, and thermoelectric power measurements. 
Lundquist, Myers, and Westin (13) describe the band structure 
2 1 
as follows: The boron contributes three electrons (2s 2p ) 
which participate in the band structure along with the 3d 
and 4s valence electrons of the metal atom. The d-bands are 
assumed to be transition metal-like. Some of the boron elec­
trons are transferred into the d-bands, with the remaining 
ones falling into a narrow sp-hybrid bonding band. The re­
sulting three band model has a configuration of (2sp)^"(3d)^ 
(4s)Y. They calculated the number of d-band electrons from 
the saturation moments of MnB, FeB, and CoB and found these 
to be 8.1, 8.9, and 9.7, respectively. In all these sub­
stances, the number of d-electrons exceeds the number in the 
pure metal, and presumably the additional ones could come 
only from the 4s band and from the boron atom valence elec­
trons . They estimated the number of sp-hybrid electrons in 
MnB, FeB, and CoB to be 1.0, 1.0, and 0.8 on the basis of 
bond lengths. The final electron configurations for these 
monoborides are: 
9 
MnB ; 2sp 1.0 3d 8.1 4s 0.9 
FeB : 2sp 1.0 3d 8.9 4s 1 . 1  
Lundquist and Myers (14) suggest from arguments similar 
to the above that NiB would have a filled d-band, and, hence, 
exhibit only Pauli paramagnetism. This has been confirmed 
experimentally. They attribute the lack of ordering, but 
strong Curie-Weiss paramagnetism, in CrB to equally filled 
d-subbands. 
Cooper et (15) performed a MOssbauer experiment in 
which they measured the hyperfine field in Fe, FegB, and FeB. 
The hyperfine field decreased in going from Fe to FegB to 
FeB. This is clear evidence that the d-band is being filled 
as the boron content increases. From isomer shift measure­
ments, they determined that the additional d-electrons are 
not being promoted from the 4s-band of Fe, and, therefore, 
must be coming from the sp-hybrid band of boron. 
Cadeville (15) studied MnB^ in both the ferromagnetic 
and the paramagnetic regions, and CrBg in the paramagnetic 
state. Her results are consistent with the transfer of 1.7 
electrons per atom to the d-band. 
Tyan et (17) have carried out low temperature spe-
types. Their y values are consistent with the transfer of 
— j C  xuc£> OA. uiic aiiu no 2 
10 
about one electron per boron atom to the d-band. 
Dempsey (18) hac presented a band model to explain the 
high melting temperatures and resistivities of refractory 
hard metals (MN^, MC^, MB^, etc.), and, in the borides, as­
sumes transfer of the boron 2p electron into the metal-like 
d-band. However, Dempsey believes that the B-B bonds con­
tribute little to the high melting temperatures of the 
borides. He attributes the high melting temperatures to 
properties of the d-band. 
Juretschke and Steinitz (19) measured the Hall coef­
ficient and resistivities of several diborides. They found, 
for example, that the number of conduction electrons for 
TiBg, VB^, and CrB^ is about one-fourth, one, and one. They 
suggest that each boron transfers all of its outer electrons 
to the d-band in order to obtain this small number of con­
duction electrons. 
This discussion of the electronic environment in the 
borides will be reopened after the presentation of the 
monoboride results. 
11 
II. THEORY 
A. The Magnetic Dipole Interaction and the Knight Shift 
A nucleus possessing a spin I has a magnetic moment given 
by 
p, = ' (1) 
where y is the gyromagnetic ratio and K is Planck's constant 
divided by tt. This dipole moment interacts with a magnetic 
field and the Hamiltonian is given by 
H = . (2) 
If the field is in the z-direction the nuclear energies will 
be given by 
' (3) 
where m is the I^ quantum number. The allowed transitions 
are between adjacent levels and these are given by 
V - . (4) 
If a radio frequency field with the frequency of 
is applied perpendicularly to the static field, the nuclei 
will absorb energy and the nmr signal will be observed. In 
a metal or metal-like material the resonance frequency 
will differ from its value in a diamagnetic (standard) sub­
stance by an amount which is usually expressed by the Knight 
12 
shift. 
(5) 
R 
for measurements made at constant magnetic field, and by 
K = 
for measurements made at constant frequency. A knowledge 
of the value of this shift is very useful in determining 
the electronic environment of solids. 
B. The Study of Magnetic Ordering by NMR 
ISftnr provides an excellent tool for the determination of 
the magnetic ordering temperature of materials containing 
nuclei sensitive enough for observation. Mnr is a powerful 
tool for such studies because of its extreme sensitivity to 
the abrupt changes in the magnetic field which usually occur 
when a material orders magnetically. The ordering temperature 
can be obtained by employing conventional nmr in the para­
magnetic region. The signal is monitored as the temperature 
is decreased, until the effects of ordering are observed. 
While the effects on the nuclear signal are drastic, they are 
usually somewhat different in antiferromagnets and ferro-
magnets and the two cases will be considered separately. 
In antiferromagnets the effect of ordering on many 
13 
physical properties is very slight. Such is the case for 
Cr. The resistivity (20), susceptibility (21), and specific 
heat (22) show only slight anomalies. In contrast, the nu­
clear resonance signal vanishes abruptly as the Néel tem­
perature is approached from above (23, 24). This extinction 
of the resonance is complete and unmistakable. 
The resonance vanishes when ordering occurs because 
the nucleus suddenly experiences a hyperfine field which is 
due to the ordering of the spins. This additional field adds 
vectorially to the applied field to yield a resultant field 
which no longer satisfies the resonance condition, v = vH , 
' app 
and consequently the resonance vanishes. The hyperfine 
field in the antiferromagnetic state might be larger or 
smaller than the applied field depending on the magnetic 
structure, and, of course, depending on whether one is con­
sidering the nucleus of the ion on which the spin is located 
or some other nucleus. 
In the case of a ferromagnet the resonance vanishes 
for the same reason. The field is suddenly changed by the 
ordering so that the resonance condition is no longer valid. 
However, the behavior in the paramagnetic region is usually 
different for a ferromagnet than for an antiferromagnet. 
The resonance in an antiferromagnet usually vanishes without 
bi.uaueiiiiiy oi. Lliiy, wily Lciiiy cXpcCLcu xZ LTic rûôQTicuiC 
susceptibility undergoes only small changes as the Néel 
14 
temperature is approached. However, a ferroraagnet often 
follows a Curie-Weiss behavior (25) in the paramagnetic 
region. In this case the susceptibility is given by 
Xy ~ T-0 ' 
P 
where is the volume susceptibility, 0^ is the paramag­
netic Curie temperature, and C is a constant. The line-
width of the resonance in a strong paramagnet can be ap­
proximated by (26) 
AH - 3x^ . (8) 
Combining these two equations gives a linewidth which is 
described by the equation 
AH ^   - (9) 
As T approaches the linewidth approaches an infinite 
width, precluding observation of the nuclear signal at 
temperatures near 0^. However, a plot of (ah)~^ against 
T yields a straight line which may be extrapolated to 
(/,h)~^ - 0. This intercept then is equal to 0^. This tech­
nique may also be employed to. study the dependence of the 
Ne'el or Curie temperatures on alloying, magnetic field 
strength, or other parameters. 
15 
C. The Nuclear Electric Quadrupole Interaction 
1. The Hamiltonian 
The nuclear electric quadrupole energy arises from the 
interaction of the nuclear quadrupole moment with the elec­
tric field gradient generated by all external charges. All 
nuclei with spin greater than 1/2 possess a quadrupole 
moment, that moment being a measure of the asphericity of 
the nuclear charge distribution. A nucleus possessing a 
positive quadrupole moment is elongated along its axis of 
spin and has the shape of a prolate ellipsoid of revolution. 
A nucleus with a negative moment is an oblate ellipsoid of 
revolution which bulges at its equator somewhat as does the 
earth. A classical analogue of the quadrupole interaction 
is, in fact, the interaction of an aspherical earth with 
the gravitational field gradient generated by the moon and 
sun. The torque exerted on the earth by the gravitational 
gradient causes the axis of the earth to precess in space 
with a period of 26,000 years (27). The torque exerted on 
the nucleus by the electric field gradient (EFG) causes the 
nucleus to precess with a frequency in the range of 10^/sec~^ 
( 2 8 )  .  
A comparatively complete derivation of the quantum 
mechanical quadrupole Hamiltonian will now be presented, 
commencing from the expression for the classical potential 
16 
energy of a nucleus in an external potential. More detailed 
derivations may be found elsewhere (29, 30, 31). 
The manner in which the quadrupole interaction arises 
may be seen by considering the classical potential energy. 
E = p(r)V(r)dT , (10) 
of a nucleus of charge density, p(r), in the potential of 
—^ 
all surrounding charges, V(r). The integration is performed 
over the nuclear volume. Since the potential is not likely 
to vary significantly over the small nuclear volume, it may 
be expanded in a Taylor series about the origin, which is 
taken as the center of the nucleus. The resulting expansion 
is 
v(?) = v(o) + x^ (^ ) . < ArL  ^- ' 
a r=0 c P r=0 
(11) 
where - (x,y,z), and where the appearance of an 
index twice in one term implies summation from 1 to 3. 
On substitution of the expanded form of the potential 
into Equation 10, the first term. 
Emono ~ V(o) I p(r)dT = ZeV(o) , (12) 
is merely the energy of a point nucleus in an external 
potential, and since this has no orientation dependence it 
17 
is of no interest in an nmr experiment and will not be 
considered further. 
Defining 
= 'IrL (») 
^ r=0 
and 
^ a p -
r=0 
the second term, 
^dip \ p(r)x^dT , (15) 
is the energy of a nuclear electric dipole in an external 
field. Thus far, ÎTO nuclear electric dipole moments have 
been found experimentally, and, in fact, it will now be 
shown that the dipole moment is zero if the nuclear states 
possess definite parity^(30). If the nuclear states are 
states of definite parity, then 
—y —y —}• -4- —^  f 
PT|)^ (x^ ,x^ ,. ..,x^ ) = + tJ)^ (-Xj^ ,-X2,. ..,-x^ ) , (16) 
where P is the parity operator and is the wave function 
of a nucleus with A nucléons in the mth state. The spin 
1 : D U Tv /-s-P "nT-vtro-i Tot.ra Q-ha-hci TTn4 xroT" 
sity , Ames, Iowa. Electricity and magnetism notes. Private 
communication. 1969. 
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coordinates have been omitted from the wave functions solely 
for convenience. The integral over the nuclear volume may 
be replaced by a sum over the nucléons, in which case the 
appropriate energy operator for the dipole term is 
«dip = 
where e^ is the charge of the ith nucléon. The matrix 
elements are 
A 
(H,. ) ' = V 
dip mm a 
* 
and with the change of variables, x. . -x. these become 
la la 
'"dip'nun' = J 
• A 
It is seen that the dipole moment is zero if the nuclear 
states are of definite parity. 
The third term gives rise to the nuclear quadrupole 
energy, 
1. 
Go = 2Vap . p(r)x^XpdT , (20) 
where the V are the components of the EFG tensor evaluated 
ap 
at the nucleus and the integral is closely related to the 
19 
components of the quadrupole moment tensor. 
Equation 20 expresses the quadrupole energy in the clas­
sical form. The classical energy may be replaced by the ap­
propriate operator, the Hamiltonian, as follows. Again, 
replace the integral over the nuclear volume by a summation 
over the nucléons. The matrix elements of the quadrupole 
Hamiltonian are then given by 
= kp j' X 
1 2 
where the „r. term has been added to convert the com-
3 ap 1 
ponents of the integral to a covariantly defined 2nd rank 
tensor to which the Wigner-Eckart theorem may be applied^ 
1 2 (30, 31). The ^r. term makes no contribution to 
3 ap 1 
(H_) , under the assumption that the field gradient is due Q mm 
entirely to the external charges. This becomes clear when 
the summation is carried out over a and p. All terms in-
2 
volving r^ may be collected as 
'  < 2 2 )  
1=1 
and this equals zero since 
^R. H. Good, Jr., Dept. of Physics. Iowa State Uni-
ox. a.v..x itioy iic u_L aiu 
Private communication. 1969. 
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x^x + \y + = 0 (23) 
for a potential due to external charges. 
The Wigner-Eckart theorem (30, 31) states that the 
matrix elements of an irreducible tensor coordinate operator 
are related to the matrix elements of angular momentum 
operators which have the same form. In this case the Wigner-
Eckart theorem may be applied to convert the quadrupole ten­
sor coordinate operator to a more useful angular momentum 
operator form. The theorem says that the integral in Equa­
tion 21 may be written in the following manner: 
const - <2^) 
where the constant is independent of a, p, m and m'. The 
constant is easily evaluated by setting m = m'= I and 
a = p = 3 giving 
2 f + A 
const - 21(21-1) Z e^  (z?--|-r?)\))^ d'u , (25) i=l 
and this is closely related to the quadrupole moment which 
is defined as 
A 
2  2 ,  
eQ - i|) e. (3z - r. )^ _dT • (26) 
J X 1 1 1 X 
21 
Classically, the quadrupole moment is defined as 
eQ = p(r) (3z^-r^)dT (27) 
where the z-axis is taken as the symmetry axis of the nu­
cleus, which is assumed to have the shape of an ellipsoid 
of revolution. It can now be seen that Q is indeed a measure 
of asphericity of the nuclear charge, since eQ is zero for 
a spherical charge distribution. Substituting Equation 24 
into Equation 21 and making use of Equations 25 and 26 yields 
for the quadrupole Hamiltonian: 
«Q = 4Ï(SiÏT WP * • '28) 
2 2 
At this point the term has been discarded since it 
contributes nothing, for the same reason as before. 
The Hamiltonian can be put into a more convenient form 
in the following manner. The EFG tensor is a 2nd rank, sym­
metric, traceless tensor, and, as such, may be diagonalized. 
In the EFG principal axis system there are three components, 
and since the EFG tensor is traceless (see Equation 23) only 
two of these are independent. These are usually chosen as 
follows : 
eq = V (29) 
zz 
a 
22 
V - V 
XX yy 
T] = ^ , (30) 
zz 
where eq is the z-component of the EFG and t] is called the 
asymmetry parameter and is a measure of the departure of 
the EFG from axial symmetry. If the principal axes are 
chosen so that IV |>|V I > |V I, then 0 < n < 1. 
' zz' — ' yy' — ' XX' — ' — 
Thus Ti = 0 corresponds to axial symmetry (V = V ) , and 
XX yy 
f] = 1 corresponds to the most asymmetrical case possible, 
(V = -V , V = 0). With these definitions and some 
YY zz XX 
manipulation, the Hamiltonian becomes 
« Q  =  4 1 ( 2 1 - 1 )  [ 3 1 % +  •  < 3 1 )  
2 .  The combined magnetic dipole-electric quadrupole inter­
action 
If the nucleus possessing both a magnetic dipole and an 
electric quadrupole is placed in an external magnetic field, 
the combined interaction is adequately described by the fol­
lowing Hamiltonian; 
2 
H = -Wz + 4ÎtfîIÏTt3l2,- l2+,,(l2,- l2,)] , (32) 
where the first term is the magnetic dipole (Zeeman) energy. 
The primes on the spin operators in the quadrupole term de­
note that these operators refer to the principal axes of the 
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EFG, which in general will not be the same as the lab (un-
primed) axes. In this case the static field, has been 
chosen parallel to the z-direction. If the following def­
initions are used, the Hamiltonian can be put into a some­
what handier form. Let 
^o 
= yHo ' (33) 
the Larmor frequency, and 
"Q - WAm 
the lowest pure quadrupole frequency when t] = 0. With the 
use of these definitions the combined Hamiltonian simplifies 
to 
hv 
H = 6 • (35) 
3 .  Energy levels and transition frequencies; first order 
perturbation treatment 
The and ^^B nuclei studied in this work experience 
a quadrupole interaction which is considerably weaker than 
the Zeeman energy, thus a first order perturbation treatment 
is adequate. There are many derivations of the first order 
energies available, as exemplified in references 30 and 32. 
Kline calculates the energies through 3rd order in his 
thesis (33). 
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The energy levels to first order are given by 
E 
m 
+ <m|HQ[m> (36) 
where 
-hv m 
o 
Prior to calculation of the diagonal part of the 
spin operators of the quadrupole Hamiltonian must be speci­
fied in terms of operators in the lab system, where the 
I^-direction is fixed by the static magnetic field and is 
the quantization axis. Euler's angles are used to specify 
the orientation of the EFG axes with respect to the lab­
oratory axes (see Figure 1). The Euler angle 0 has been 
taken as zero to simplify the calculations. The angle 0 
may be taken as zero without effect on the 1st order ener­
gies, since a change in 0 is merely a rotation of the EFG 
axes about the z-direction and does not change the projec­
tions of the on I^. These projections are the important 
quantities in a first order calculation. 
The operators in terms of the are (27), with 
0 - 0: 
I I = I cosil) + I COS© siné + I sin8 siné , 
X X ^ y ^ Z r ' 
1 t = _i sinijj + i cosy cosii) + i sinw cosij) , y Y 
Figure 1. The principal axes of the EFG (the primed axes) are located 
with respect to the laboratory axes (unprimed axes) by the 
Euler angles, © and iji. The Euler angle 0 is chosen to be 
zero since a rotation of the EFG axes about the field direc­
tion has no effect on the first order energy levels. The 
static magnetic field is in the z-direction and V , , is 
the component of the EFG along the z-direction. ^ ^ 
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27 
and 
= -lySinG + I^cos© . (37) 
Using the following relations: 
= 0 if a / p , (38) 
and 
<in(l^|m> = <rn|ly|m> = •|<m[ [in> ; (39) 
the diagonal elements of the quadrupole Hamiltonian are 
<m[HQjm> = -Y^[3m^ - I (I+l) ] [3cos^0 - 1 + qcos2ii) (cos^e - 1) ] . 
(40) 
In the absence of the quadrupole interaction there are 
four equally spaced levels (for I = -|-) due to the Zeeman 
interaction. With the addition of the quadrupole term the 
energy levels are shifted a small amount in a manner that is 
dependent on both G and t|) . It should be noted, however, that 
2 the quadrupole energy depends only on m , which means that 
3 3 
the +2 and - ^  levels shift in precisely the same fashion. 
Similarly, the levels shift identically, and moreover, 
in a direction opposite to that of the levels (for 
I = ^). See Figure 2 for an energy level diagram. 
If transitions between the energy levels are promoted 
ùy an rf-field perpendicular to the static field, as is the 
usual situation, the selection rules are found by calculating 
Figure 2. The energy level diagram of a spin nucleus 
experiencing both a Zeeman and a quadrupole 
interaction. The magnetic field splits the 
levels equally. The quadrupole interaction 
then perturbs these levels in a manner that 
is dependent on 9, i|i and r\. The values given 
for the energy differences are in frequency 
units and are exaggerated for convenience. 
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1<ml1^1 m'>1^ (or The zero order wave func­
tions give selection rules which allow only (^m| = 1 transi­
tions. Due to the mixing of energy levels by there exists 
the possibility of j^mi = 2 or 3 transitions, but these will 
be ignored here. The Am = 1 transitions between adjacent 
levels have frequencies given by 
'Mq 1 2 2 2 
v(m_>m-l) = VQ --y (m-^) [3cos 0 - 1 + t]COS t|)(COS 6-1)] . 
(41) 
3 1 13 
The ("2 -+ 2^ and (-^ -+ --j) transitions are generally 
referred to as satellite transitions, one being the mirror 
image of the other about The (^ -+ -^) transition is the 
central transition and is unaffected in 1st order. If 2nd 
order terms are included it is found that the satellite 
positions are affected, but their spacing remains unchanged 
and the central transition is split. However, 1st order 
theory sufficiently explains the effects of the quadrupole 
interaction in the borides, rendering 2nd order theory un­
necessary. 
4. Polycrystalline lineshapes 
For varied reasons, it often becomes necessary to ob­
serve the nuclear magnetic resonance absorption in a poly­
crystalline sample. For example, in the study of metallic 
samples skin depth complications such as distortion of the 
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lineshape due to admixture of absorption and dispersion 
modes, or often the more bothersome loss of signal due to 
lack of penetration of the rf-field, often make it mandatory 
to utilize powder, wire, or foil samples in which there is 
a random orientation of crystallites. The metal borides 
are all metallic to some extent, that is, they are all con­
ductors, and all the samples studied were in polycrystalline 
(powder)form. 
When a powder specimen is studied there is a range of 
frequencies to which crystallites of different values of 0 
and ij) contribute. The crystallites at one value of 0 and i|) 
contribute intensity to the resonance signal which can be 
quite different than the contribution of crystallites at 
other values of 0 and ijj. In general, the intensity is a 
function of frequency, and the curve which shows the inten­
sity as a function of frequency is called a powder pattern 
line shape. 
As an example of a powder pattern lineshape, consider 
the {-^ -> -^) satellite transition when t] = 0. The calcula­
tion of the lineshape is now considerably simplified due to 
the elimination of the t|) dependence. When 
and when 6 = 0, v = + Vq and for intermediate values of 
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6 the frequency has intermediate values. That is, there is 
a range in frequency which extends from ^ to + Vq. 
The intensity of the transition at any frequency depends on 
the number of crystallites contributing to that frequency, 
and this number is not constant, but depends on 0. There 
are many more crystallites oriented perpendicular to the 
static magnetic field (6 = than parallel to it, and for 
VQ 
this reason the line shape is much more intense at 
than at + Vq. To illustrate this point, imagine each of 
the crystallites to be represented by a vector of unit length, 
and that these vectors are translated in space without change 
of orientation until all their tails lie at the origin. Sinos 
the crystallites are randomly oriented, the density of points 
(vector tips) just touching the surface of a sphere of unit 
radius will be uniform. This collection of vectors may be 
taken to represent a polycrystalline sample with completely 
random crystalline orientation. The intensity, P(v)/ of the 
resonance at v in the range Av will be proportional to the 
number of crystallites at © in the range AG, that is, pro­
portional to the area of a surface band extending around the 
sphere at 0 having a width A®. In the limit A© 0 this may 
be expressed as (32) 
P(v)dv = sin6d0 - -d cos0 . (42) 
This may be rewritten as 
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-1 
= lâ&ël ' («) 
and for this particular transition 
V - Vq + -^(Bcos 0-1) (44) 
and 
P(x) = — ^ , (45) 
J3 J2x + 1 
where 
X —^ with -^ < X < 1 
and P(x) is normalized to 1. The absorption lineshape of 
this transition is shown in Figure 3. 
Examination of Figure 3 reveals that the q = 0 satellite 
Vq 
lineshape has two features of note; a singularity at - g 
and a step, or distribution edge, at + Vq- Usually the 
derivative of the lineshape is recorded experimentally. These 
lineshapes were, of course, calculated assuming a delta func­
tion lineshape for each crystallite, which is never precisely 
the case. Other nuclear interactions, primarily the dipole-
dipole interaction, broaden the lineshapes considerably in 
some instances. The effect of this broadening on the satel­
lite lineshapes as well as on the central transition will be 
Figure 3. The low frequency satellite distribution func­
tion for T) = 0.0, 0.5, and 1.0. The distribu­
tion functions are normalized to tt. 
SATELLITE LINE 
SHAPES FOR 77=0,0.5,AND 1.0 
0.5 1.0 
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discussed in Chapter IV. 
The other satellite transition has a lineshape which is 
the same as that shown in Figure 3 with the exception that 
3 it is reflected about v^. The total lineshape (for spin 
is the sum of the two satellite lineshapes plus the central 
transition. Normally, the singularities of the derivative 
lineshape are observable experimentally and from these Vq 
can be measured, since the distance separating the two singu­
larities is nothing but Vq. 
When T] is unequal to zero, the lineshape calculations 
are more complicated due to the additional angular dependence 
introduced by iji. However, the lineshapes have been calcu­
lated in detail by Bloembergen and Rowland (34), and Cohen 
and Reif (32). Bloembergen and Rowland derived somewhat 
generalized expressions for lineshapes of a transition with 
the following angular dependence: 
2 2 2 2 2 
V - v^sin 0 sin ^  + VgSin G cos i{) + v^cos © . (46) 
The satellite transitions are easily written in this form, 
and, for example, the (-^ -+ -^) transition may be written 
in the above form, in which case 
V - x + ^  , ^1 ~ ' ^2 ~ ^ ^3 ~ f " (47) 
The general approach to the lineshape calculations is as 
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follows. First the intensity is determined for a constant 
value of 9, this being found by calculating 
I' ( v,0) - 1 ^  1  . (48) 
The intensity is then found by integrating I'(v/©) over all 
the values of 6, that is, 
I (v) = I'(v/0)sin0d0 
Cohen and Reif adopted the Bloembergen and Rowland re­
sults and applied them directly to the quadrupole satellite 
lineshapes. These lineshapes are given by 
P (x) = for -^(1+n) < x < -%il-n) (49) 
1 T[q(l_x)]4 2 2 
where 
sina = s(x) 
and 
P (x) = n for -^(1-n) < X < 1 (50) 
 ^ '"'[ (2X+1+T]) (3-r]) ] ^ 
where 
sina = [s(x)]~^ 
and 
P^(x) - 0 
• i 
elsewhere, and 
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][ (2x+l+r|) (3-r]) ^ 
X (51) 
and K(a) is the complete elliptic integral of the first kind, 
while V is given by 
m 
The lineshape of the low frequency t] = 0.5 lineshape is 
also shown in Figure 3. Examination of Figure 3 shows that 
there are now three distinctive features of the satellite 
of adding an t] is to split the singularity into two parts. 
The singularity itself moves toward the step and the shoulder 
moves an exact amount in a direction away from the step. 
The other satellite lineshape is an exact replica of the 
above, but reflected about v^- The frequency difference be­
tween the two singularities (one from each satellite) is 
The frequency differences between the shoulders and steps 
are given by 
(52) 
Q 
line-shape: a singularity at - ^(l-r|) ; a shoulder 
at V2 - Vq --^d+T]) ; and a step at + Vq- The effect 
Vq(I-ti) . (53) 
Figure 4. The unbroadened total satellite distribution for 
r) = 0.1 and r] = 0.5. Each distribution is the 
sum of two satellites and the area under each 
curve is 2v. The central transition would be a 
delta function lineshape at zero. 
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Vq(1+T]) 
and 
AV3 (54) 
It is seen that observation of any three of these splittings 
Although it is seemingly straightforward to measure both 
ing of the lineshapes, confusion of lines, and frequently, 
weakness of the intensity of the satellites. In Chapter IV 
these problems will be discussed in conjunction with the re­
sults of the monoboride study. 
The transition metal diborides have several metallic 
properties and it was thought that the nuclear spin-lattice 
relaxation rates would be due to the same mechanisms that 
are operative in metals. The spin-lattice relaxation rate 
is a measure of the rapidity with which the nuclear mag­
netization will return to its equilibrium value after suf­
fering a disturbance. The mechanism of nuclear relaxation 
must provide a means for the nuclear spin to flip to a 
1 nwAT AnArnv miKf i^rovici? for the eventual con­
veyance of the energy lost by the nucleus to the lattice. 
allows the determination of both t| and v 
rj and Vq, there are complications that arise due to broaden-
D. Nuclear Spin-Lattice Relaxation 
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According to Bloch (35) the relaxation time, T^, may be 
defined by 
i = ^ , (55) 
where is the equilibrium nuclear magnetization (with the 
sample in an external magnetic field). For example, suppose 
that MQ - kM^ and that initially M - O; then the solution of 
Equation 55 is 
-t/T 
M = M^(l - e ) (56) 
which is an exponential rise of M to its equilibrium value. 
There are several mechanisms that provide nuclear re­
laxation. The most common mechanism is that in which a nu­
clear spin flips simultaneously with an s-electron spin with 
an appropriate change in the kinetic energy of the electron, 
which conserves energy. In this process the nuclear spin 
goes into a lower energy state and loses energy to the 
electron, which in turn loses it to the lattice. This 
interaction was first described by Korringa (36); the re­
sult for T^^ may be written in the form 
^ls™s = ^ <"> 
where T^^ signifies that only s-contributions are considered 
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here, T is the absolute temperature, and is the Knight 
shift (37) due to the s-electrons. The group of constants 
on the right side of Equation 57 have the value 2.45(10"^) 
°K-sec for The Knight shift is temperature independent 
and for this mechanism T^T is constant. This mechanism, 
after some correction by Pines (38) to account for electron-
electron interactions, has provided a satisfactory explana­
tion of the nuclear relaxation in the alkali metals where 
only s-conduction electrons are present. 
Core polarization, the mechanism which causes the neg­
ative Knight shift contribution in transition metals, pro­
vides a second means of nuclear relaxation. In core polari­
zation, the d-conduction electrons at the Fermi surface pro­
duce a field which interacts with the s-electrons of the ion 
cores. In turn, these s-electrons interact with the nucleus, 
and the nature of the interaction is to produce a negative 
Knight shift. The nucleus can then relax through the d-
electrons at the Fermi surface with the core electrons pro­
viding the coupling. The expression for T^^, as derived by 
Yafet and Jaccarino (39), is Korringa-like and is given by 
2 
^  • '5® '  
B I n 
whmrA the d subscript refers to the d-contribution to the 
relaxation, K^ is the Knight shift due to the d-electrons. 
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and F is a function which depends on the relative density of 
Pg and d-electrons at the Fermi surface and varies, from 
0.2 to 0.5. The effect of F is to increase the relaxation 
time. 
There are several additional relaxation mechanisms 
which in some cases are extremely important, but here they 
will be given only brief mention because they are not thought 
to be of importance in the case of the diborides. There is 
relaxation through the interaction of the nucleus with the 
orbital electrons. This relaxation mechanism was first dis­
cussed by Obata (40) and has provided a satisfactory explana­
tion of the T^ of vanadium. The nuclear system will also 
relax through its interaction with the spin of the d-electrons 
at the Fermi surface (36, 40), the interaction which gen­
erates the anisotropic Knight shift. Since the anisotropic 
Knight shift is vanishingly small in the transition metal 
diborides, this mechanism is not thought to be important 
here. Finally, there is quadrupole relaxation (41) which 
proceeds through the interaction of the nuclear quadrupole 
moment with the electric field gradient. This interaction 
is usually small compared to the more direct nuclear-electron 
interaction when conduction electrons are present, and such 
is thought to be the case in the diborides. 
The addition of all the relaxation rates gives the ef­
fective relaxation rate. Similarly, since the rate of 
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relaxation is given by the inverse of the relaxation time, 
a total relaxation time may be defined by 
^ ^ + ... . (59) fp rn m ' m ' rn 
It ^Is ^Id ^lorb ^Iquad 
It is that is measured experimentally, and in the case 
of some of the diborides it will be shown that the nuclear 
relaxation is due almost entirely to a type mechanism. 
E. The Look and Locker (Tone-Burst) Method for the 
Measurement of Nuclear Spin-Lattice Relaxation Times 
Look and Locker (1) recently introduced a method which 
utilizes essentially continuous wave methods and equipment 
for the measurement of nuclear relaxation rates. This ex­
perimental method will be described briefly, followed by 
presentation of the theory on which the method hinges. 
In a conventional nmr experiment the frequency is held 
constant while the magnetic field is swept slowly through the 
resonant field. Superimposed on the slow linear field sweep 
is a sinusoidal modulation field which is small relative to 
the linewidth. This field has little effect on the nuclear 
levels or resonance shape and is employed for lock-in de­
tection purposes. In this type of experiment one records 
t-HG Qei. ivâi-XVti on Lut; cliJi:>OjL • 
Contrary to this, in the tone-burst method the modula-
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tion amplitude is made several times greater than the width 
of the resonance for which is to be measured. Triangle 
wave modulation is employed as a convenience, and the static 
field and spectrometer frequency are set so that the resonant 
condition is fulfilled just at the midpoint of the modula­
tion excursion, that is, when the modulation field is zero. 
When this is done the resonant field is reached twice on 
each cycle and the distance between the resonances in time 
is exactly where % is the period of the modulation. 
The nuclear signal which is detected on each pass through 
the resonance is taken directly from the receiver to an ap­
propriate storage device, in this case a 400 channel anal­
yzer. Since lock-in detection is not used, the signal 
stored on each pass will be a true representation of the 
absorption lineshape. To initiate the experiment the mod­
ulation is turned off for a period that is long compared to 
T^ (which is known approximately from preliminary measure­
ments) and during this period the field is held well below 
the resonant field so that the nuclear magnetization reaches 
equilibrium in the field. Then a pulse simultaneously turns 
on the modulation and starts the analyzer scanning through 
its 400 channels. The modulation is kept on for several 
cycles, passing through the resonance completely twice on 
each cycle, and the signal, the absorption lineshape, is 
recorded twice for each modulation cycle in the memory of 
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the analyzer. When the analyzer reaches channel number 399 
a pulse turns off the modulation and initiates a delay per­
iod equal to approximately 5T^, which allows the nuclear 
magnetization to relax completely again. During this per­
iod the modulation is held off and the analyzer holds in 
channel zero. After the delay period is over, another pulse 
initiates the whole cycle again. On each cycle the resonance 
is stored several times in the memory of the analyzer. Very 
importantly, the modulation is turned on at exactly the same 
phase each time so that the resonances occur at the same 
analyzer address, thus permitting time averaging. The 
trace of each cycle is added to. the sum of all previous 
cycles. The signal increases at a greater rate than the 
noise, and the on-off modulation cycle can be repeated 
indefinitely until satisfactory low noise traces are 
obtained. 
When the experiment is initiated the following events 
take place. The effective field is initially below the 
resonant field, but subsequently increases and passes 
through the resonance. On the first pass through the 
resonance, the transition is partially, yet very minutely, 
saturated. Once the field is well above the resonant field 
the onset of nuclear relaxation starts. Paraphrased, the 
magnetization in the field direction is decreased from its 
equilibrium value while passing through the resonance, but 
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it begins to grow back toward its equilibrium value as soon 
as the field moves off resonance. However, if the modula­
tion frequency is set properly, the next pass through the 
resonance will occur before the equilibrium value is reached, 
and again the transition will be partially saturated, this 
time leaving it more saturated than after the first pass. 
That is, the magnetization immediately after the second pass 
will be less than it was immediately after the first pass. 
If the modulation is left on indefinitely, this gradual beat­
ing down of the magnetization will continue until the amount 
of saturation that occurs on one pass is just equal to the 
amount of recovery between passes. 
The signal observed on one pass is proportional to the 
magnetization just prior to the pass through the resonance, 
therefore the experimental trace consists of a series of 
absorption lines each of a smaller amplitude than its pre­
ceding neighbor. It is this decay of the nuclear signal 
which permits the determination of the nuclear spin-lattice 
relaxation time. 
There are certain conditions under which the experiment 
must be performed if the Look and Locker method is to be 
valid. If these conditions are met the measured value of 
T^ will be independent of the rf power, the modulation 
amplitude, and the modulation frequency. These three 
requirements may be written as 
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Y"! ' «m >> (60)  
where and are the modulation frequency and amplitude, 
Y is the gyromagnetic ratio of the nucleus, is the rf 
field strength, and AH is the width of the resonance. The 
first condition is the nonadiabaticity condition which in­
sures that the decay of the signal will be spread over many 
cycles of modulation, a necessity for calculating T^. The 
amount the magnetization is decreased on one pass is pro-
portional to yH_/v H . The second condition insures that 
' 1 mm 
the time spent on resonance will be short compared to the 
total scan time so that an approximation treatment is ap­
plicable, and the last condition is to prevent complete 
recovery of the magnetization between successive passes. 
The method of analysis will now be presented. Follow­
ing the notation of Look and Locker, let the magnetization 
immediately before the nth pass through the resonance be 
given by M~. Similarly, the magnetization immediately after 
the nth pass will be denoted by Since the magnetization 
increases exponentially between passes through the resonance, 
is easily found in terms of by solving Equation 55 
with the appropriate initial condition. When this is done 
it is found that the magnetization immediately before the 
(nfl)th pass through the resonance is qiven by 
M ( 1 - e ) + e 
n 
-T/T^ 
(61)  
n+l 
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where % = is the amount of time spent between passes. 
Let X be the factor that the magnetization is decreased on 
one pass through the resonance, that is, if M~ is the mag­
netization immediately before the nth pass, then xM~ will 
be the amount of reduction of magnetization, so one may 
write 
= M:(l - x) . (52) 
n n 
It is not necessary to know the value of x as long as it is 
known to be constant for all passes through the resonance. 
However, x has been calculated (1) to be 
for a spin ^  nucleus and this illustrates why the first con­
dition of Equation 60 must be met. However, x eventually 
disappears from the calculation. 
Combining Equations 61 and 62 gives 
-x/T. _ -t/T, 
M , = M (1 - e ) + M (l-x)e . (64) 
n+i o n 
Since the signal is directly proportional to the magnetiza­
tion immediately before passing through the resonance, the 
negative superscript may be dropped from Equation 64 and 
can be taken as the amplitude of the (n+l)th resonance: 
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-t/T, -T/T, 
^ Mc/l-e •^)+M^(l-x)e , (65) 
where is the amplitude of the first resonance (the signal 
due to the first pass through the resonance). Equation 65 
gives the amplitude of the (n+l)th resonance in terms of 
and and provides a recursion relation which may be 
used to write the amplitude of the nth resonance in terms 
of M^. Some manipulation of Equation 65 gives 
-t/T, -n-r/T, n-i 
M [1-e [l-x(l-x) e 
"n = ZJT. (66) 
1 - (1 - x) e 
If the modulation is left on continuously for a pro­
tracted period of time, the amplitude of the signal will 
eventually reach an equilibrium value and decay will cease. 
This point is reached when the amount of recovery of mag­
netization between passes becomes equal to the amount the 
magnetization is decreased on a pass through the resonance. 
This value of M is found from Equation 66 by setting n 
equal to infinity: 
M  ( 1 - e  )  
M™ = 3^ (67) 
1 - (1-x)e 
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doing so gives 
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M -t/T, 
In(M^-M^) = In(M^-M^) + nln[l-^(l-e •")] . (68) 
CO 
With the exception of T^, all the quantities in Equation 68 
can be measured experimentally, hence determining T^. An 
excellent way of calculating is to plot In(M^-M^) against 
n. This gives a straight line which has a slope, 
M -t/T, 
S - ln[l-j^{l-e ^)] , (69) 
00 
and an intercept, 
I = ln(M^ - M^) . (70) 
Combining the expressions for I and S by the elimination of 
gives, finally. 
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III. EXPERIMENTAL METHODS 
A. Sample Preparation 
. The diborides 
The following diborides were obtained from Alfa In­
organics: TiBg, VB^, CrBg, MnB^, AlB^, and HfBg. The sam­
ples have a nominal purity of 99%. 
Samples of the diborides of Sc, Cr, Mn, Y, and Dy were 
prepared in the Metallurgy Division of the Ames Laboratory 
by arc melting stoichiometric quantities of the constituents. 
The metals used were of at least 99.9% purity and the boron 
was m2N7; t2N4 supplied by Alfa Inorganics. Weight losses 
during preparation were typically three or four percent. 
Metallographic analysis performed in this lab indicate the 
samples are homogeneous and are at least 90% single phase. 
Work is also underway to prepare an FeBg specimen. One 
sample containing some FeB^ has been obtained, but a single 
phase specimen has not yet been prepared. 
An additional sample of CrBg of 99% purity was obtained 
from Materials Research Corporation. The Norton Company 
supplied the ZrBg, and the NbB^ and TaBg samples were ob­
tained from the A. D. MacKay Company-
The samples obtained commercially were all in powder 
form and these were sieved to a 325 mesh particle size. The 
samples prepared in the Ames Laboratory were received in 
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button form. These buttons were crushed with a steel mortar 
and the powder was then sieved to 325 mesh size. Ferro­
magnetic impurities picked up during the crushing with the 
mortar were removed magnetically. 
The MnB^/ CrBg, VB^, and TiBg samples were judged to be 
almost single phase on the basis of x-ray powder patterns 
made with a Debye-Scherrer camera using Cu Ka radiation. The 
x-ray work on the DyBg and ScBg samples is underway at this 
time. 
2, The monoborides 
An x-ray analysis was performed on all the monoboride 
samples studied. All are single phase and appear to be of 
high purity, except NiB and TiB. For each of these, the 
powder pattern contained extra lines, of unknown origin in 
the case of NiB, and due to Ti in the TiB case. This is 
commented on in the section dealing with the results of the 
nmr work on these samples. 
The CoB, NiB, and TiB samples were obtained from Cooper 
Metallurgical Associates. The MoB, WB, and CrB samples were 
obtained from MRC and are of 99% purity. The VB sample was 
prepared in the Ames Laboratory by arc melting. 
_3. Additional samples 
Cfg ggVg 02B2 ^<3 Cro.98Mno.02B2 samples were pre­
pared in the Ames Laboratory. Additional samples of the 
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Cr^ x^x^2 with x = (0.04, 0.08) and with M = (V or Mn) 
have been prepared. The study of the effect of the addition of 
these small amounts of V and Mn on the CrB^ Ndel temperature 
are underway and the results will be reported elsewhere. Sam­
ples of the type M^_^Fe^B with M = (Ti, V, Cr, Mn, and Co) 
have also been prepared, and x-ray and metallographic anal­
ysis has been employed to determine their purity. The 
magnetic properties of this series will be studied by both 
joint nmr and MOssbauer effect experiments. 
B. Magnetic Susceptibility Measurements 
Susceptibility measurements were made on several of the 
boride samples- The measurements were made to provide, when 
possible, a comparison with the susceptibilities obtained by 
other experimenters, to determine the amount of ferromag­
netic impurities in the samples, and in the case of the Cr 
samples, to obtain relative susceptibilities. 
The measurements were made at room temperature using 
the Faraday method. A sample containing ferromagnetic im­
purities, when placed in an inhoraogeneous field, has a 
force exerted on it which is equal to 
H + "''s if ' (72) 
where is the susceptibility per gram, c is the concentra-
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tion of ferromagnetic impurities taken as Fe, cr^ is the 
saturation moment/gm of Fe, and H is the magnetic field 
in the Z-direction. This force was measured at five dif­
ferent values of Following correction for the effects 
due to the sample suspension and the Teflon sample container, 
the quantity is plotted against H~^. This gives 
a straight line with an intercept which is equal to mX^ and 
a slope which is equal to ccr. The gram susceptibility can 
be found by dividing mX^ by the mass of the sample, and the 
concentration of ferromagnetic impurity as Fe can be calcu­
lated since is equal to 220 Oe/gm. 
The measurements were made with the following equipment. 
The inhomogeneous field was obtained with a Varian Model 
V4007-1 six inch electromagnet with tapered pole faces. An 
Ainsworth Model 24-N balance was used to measure the forces 
exerted on the sample to the nearest 0.01 mg. The results 
of the susceptibility are tabulated in Table 1. 
C. The Equipment 
_1. Conventional nmr experiments 
All the monoboride data and much of the diboride data 
was taken by conventional crossed coil nmr techniques (35). 
Two spectrometers were used. A Varian Associates Model 
V4210A spectrometer was used for frequencies in the range 
Table 1. 
Sample 
Magnetic susceptibility of several of the metallic borides at room 
temperature 
Sample 
supplier 
Room temperature susceptibility 
This work 
emu/gm 
Other workers 
emu/gm 
Ferromagnetic 
impurity as Fe 
ppm by weight 
CrB, 
CrB, 
Alfa Inorganics 
MRC 
5.58 X 10" 
5.90 
4.3 X IQ-G (16) 
5.4 (24) 
450 
258 
TiB, 
MnB, 
VB2 
CrB 
Alfa Inorganics 
Cooper 
2.92 
-0.55 
120.6 
0.45 
2.56 
-0.58 
62.0 
0.30 
2.93 
(24) 
(15) 
(24) 
(13) 
359 
240 
1608 
93 
2 5 
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of 2-16 MHZ. A Torgeson spectrometer (42) was used in the 
frequency range 2-65 MHZ. A Varian Model V4230B 8-16 MHZ 
probe was modified to extend its range in frequency to 65 
MHZ. These modifications were effected solely by altering 
the circuitry in the well of the probe in order to decrease 
the capacitance and inductance, and thereby increase the 
tuning frequency. For example, the tuning range of the 
Varian 8-16 MHZ probe can be extended to 30 MHZ simply by 
bypassing the trimmer capacitor in both the receiver and 
transmitter sections, and by using short cables between 
spectrometer and probe. 
Two magnets were used during the course of these ex­
periments. A Varian Associates Model V4012 twelve inch 
magnet was used to obtain fields up to 16.5 kOe. A Varian 
Associates Model V3800 fifteen inch electromagnet was used 
when fields greater than 16.5 kOe were desired. The fifteen 
inch magnet has a capability of about 25 kOe. This magnet 
is equipped with the Varian Mark II Fieldial which was used 
in conjunction with the Varian VF5 2515 External Sweep 
Adaptor to convert the field sweep to a voltage control. 
All experiments were performed under the conditions of 
fixed frequency and magnetic field scan. The transmitter 
signal was either generated by or synchronized with a crys­
tal oscillator, therefore in all cases the frequency remained 
extremely constant over long periods of time (5Hz/hour). The 
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crystal oscillators were built by D. R. Torgeson (42) in 
the Ames Laboratory. The oscillator frequencies were moni­
tored by either a Computer Measurements Company Model 880B 
Frequency Counter or by a CMC Model 707 BN Frequency-Period 
Counter/Model 707 BN Frequency Converter. The field scan 
was obtained by driving the power supply with the channel 
address voltage of a RIDL Model 24-2 400 channel analyzer. 
The RIDL analyzer was used to store the signal from the 
output of the phase sensitive detector (Varian Output Control 
Unit Model V4270A). The dc signal from the phase sensitive 
detector was converted to a sine wave with a frequency pro­
portional to the magnitude of the input signal by a Vidar 
Model 241 Voltage-to-Frequency Converter. The analyzer 
counts this frequency. 
This provides a means of time averaging, in that many 
passes can be made through the resonance. The analyzer sim­
ply adds the signal of one pass to the combined total of all 
previous passes. The net result is an increase in the signal-
to-noise ratio which is proportional to JN, where N is the 
number of passes made through the resonance. 
2. Equipment for fast passage and Look and Locker experiments 
The instrument necessary to adapt the cw equipment to 
relaxation measurement capability is a tone-burst generator, 
a device which will alternately pass a desired number of 
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cycles of a signal and then turn off for a specified number 
of cycles, thus generating bursts of a tone. A device has been 
developed by Smith and Torgeson (43) which replaces the tone-
burst generator. The function of this instrument was de­
scribed in Part II, D. The following additional equipment 
was used in fast passage and T^ experiments: A Ling Model 
TPlOO power amplifier; an Optimation, Inc. Model PA50 power 
amplifier; a Hewlett Packard 202A Low Frequency Function 
Generator; and a Tektronix Type 191 Constant Amplitude Sig­
nal Generator. 
_3. Temperature equipment 
A Varian V-4257 Variable Temperature System was used to 
obtain temperatures between 6°K and 500°K. The system con­
sists of a gas flow insert dewar tube which is designed to 
fit the Varian probes, allowing the passage of either cold 
or hot gas over the sample. Liquid nitrogen temperature 
can be obtained by passing cold nitrogen gas. About 6°K 
can be obtained by passing cold He gas over the sample, and 
about 500°K can be obtained before the probe begins to un­
balance by using hot dry nitrogen. Intermediate temperatures 
are obtained by varying the flow rate. 
The temperature was monitored with a Cu vs. con thermo­
couple. The thermocouple was calibrated at liquid He, H^ and 
Ng temperatures and then fit to standard thermocouple curves 
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by computer to obtain a calibration chart which extends 
from 4°K to room temperature. The thermocouple junction 
was placed in the sample to insure good thermal contact. 
It was found that the temperature gradient across a one 
inch sample of powdered CrBg was 3.5°C at 77°K and the tem­
perature stability was better than 1°C during the course 
of any one measurement. 
D. Intensity Measurements 
The nmr intensity measurements on the CrBg, 
CfQ.98^0.0282' '^''0.98""0.02®2' were 
made using the recently developed nonadiabatic fast passage 
(NAFP) technique. The advantages of this technique are 
numerous and some of them will be discussed in the Results 
section. The reasons for using the NAFP technique to make 
the intensity measurements is that excellent low noise traces 
can be obtained very quickly, thus eliminating the need for 
high stability temperature equipment, the measurements being 
made as a function of temperature. 
The NAFP technique was developed after gaining ex­
pertise with the Look and Locker method. The NAFP experi­
ment is performed under conditions very similar to those 
governing the Look and Locker method, the major differences 
being that the modulation is left on continuously and that 
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only one (more if desired) pass is made through the resonance 
on one analyzer scan. 
The NAFP experiments are performed as follows. Triangle 
wave modulation, which has an amplitude greater than the 
width of the resonance under observation, sweeps the field 
back and forth through the resonance. The generator of the 
triangle wave also delivers a sync pulse which initiates the 
analyzer scan. The pulse always occurs at precisely the 
same phase of the modulation, and this is a critical require­
ment for time averaging. After the analyzer scan has been 
initiated it will continue at a preset rate until it reaches 
channel 399, at which time it jumps back to channel 0, hav­
ing made one or more passes through the resonance. The 
analyzer then remains in channel 0 until another sync pulse 
is delivered from the triangle wave generator when the modu­
lation cycle returns to the appropriate phase. This initi­
ates a new scan and the signal is added to the signal already 
accumulated from previous scans. This can be continued until 
a satisfactory low noise trace is obtained. The modulation 
frequency can easily be set as high as 50 Hz, so that 100 
passes can be made through the resonance in one second, or 
360,000 passes in one hour. The signal-to-noise ratio is 
directly proportional to the square root of the number of 
passes made, so extremely good low noise traces can be ob­
tained in comparatively short periods of time. Additionally, 
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the absorption lineshape is recorded, which is convenient 
for intensity measurements, since, if the width of the 
resonance does not change over the range of the experimental 
variables, the area under the lineshape, the intensity, is 
directly proportional to the peak amplitude of the absorp­
tion. Such was the case in the boride measurements. 
As an example, the intensity measurements of the 
resonance in Cr^ ggMn^ 02^2 made with the following 
experimental conditions. The modulation was set at 45 Hz 
and the analyzer scan rate was set at 64 jj,sec/channel. 
Under these conditions two peaks were recorded on each 
scan. This was to allow a somewhat more reliable measure­
ment of the amplitude since the average of two measurements 
could then be taken. Due to the rapid accumulation of sig­
nal it was necessary to run for only eighteen seconds at 
any one temperature. The temperature drift during this per­
iod was entirely negligible and the small temperature error 
was due more to the existence of a temperature gradient 
across the sample (discussed in the previous section), than 
to temperature instability. 
Had lock-in detection methods been used, the quickest 
reasonable scan time in which a low noise undistorted deriva­
tive trace could have been obtained would have been at least 
4-1—. /-> A w * -i- * « T X- i— 1— — 1— — — — — T — •" - - -^  T TTT -2. ~ ZL " t ^ V - ^ 11 ^ A i K-> m ^ C» W W L* JU L» 1 1 k i, V ^ A X d L. i I" l&CZ *3 d *5 
long to obtain each data point and the temperature uncertainty 
would certainly have been greater. 
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IV. RESULTS AND DISCUSSION 
A. Monoboride Results and Discussion 
1. Introduction 
Nmr measurements were made on several metal monoborides, 
the purpose of the experiment being to measure the strength 
and asymmetry, Vg/ and t], of the quadrupole interaction. 
A knowledge of both Vg and t] allows a complete determination 
of the electric field gradient (EFG), which, in turn, pro­
vides insight into the nature of the electronic environment 
of the boron nucleus. Where feasible, the metal nmr was 
also studied. 
2. Crystal structure of the monoborides 
There are three known metal monoboride structures, each 
of which was represented by at least two of the samples 
studied in this experiment. These three types are ortho-
rhombic CrB, orthorhombic FeB, and tetragonal MoB. The 
CrB structure (44) is type B^ with 4CrB per unit cell. Its 
17 
space group has Schoenflies symbol D^^ and standard symbol 
C . The FeB structure (45) is type B27 with space group 
mem 
Cuf, P , and also has four formulas per unit cell. The 
zn nmâ 
19 
MoB structure (46) is of the B^ type, with space group D^^, 
14^/amd and has 8 MoB/unit cell. The three structures are 
illustrated in Figures 5, 6, and 7. 
The three structures are very similar in many respects. 
Figure 5. The CrB crystal structure. NiB and VB also have 
this structure type. Note the rather isolated 
zig-zag chains of boron atoms that are character­
istic of the monoboride structures. 
66 
b ^ 
Q METAL ATOMS IN 0, y, 1/4 AND 1/2, l/2 + y, 1/4 
^ METAL ATOMS IN 0, y, 3/4 AND 1/2, 1/2-y, 3/4 
O BORON ATOMS IN 0, y, 1/4 AND 1/2, l/2+y, 1/4 
• BORON ATOMS IN 0,7, 3/4 AND 1/2, 1/2-y, 3/4 
y ^ =  0 . 1 4 6 ,  y g =  0 . 4 4 0  F O R  C r B  
b ^ 
O o# 
• pk •oToV 
? # • 
•> 0 
Ojo# 40 oé^ 
bk #0 oV •> 0 
O METAL ATOMS IN 0, y, 1/4 AND 0, y, 3/4 
^ METAL ATOMS IN 1/2, l/2 + y, 1/4 AND 1/2, 1/2-y, 3/4 
O BORON ATOMS IN 0, y, 1/4 AND 0, y, 3/4 
# BORON ATOMS IN 1/ 2 ,  1/2+y, 1/4 AND 1/2-y,3/4 
Figure 6. The MoB crystal structure possessed by both 
MoB and WB. This structure is tetragonal while 
the CrB and FeB structures are orthorhombic. 
Note that the boron chains run in two perpen­
dicular directions in this structure. 
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C • 
Q METAL ATOMS IN: 0, 0, Z; 0,0,'Z; 
1/2, 0, 3/4 + Z; AND 1/2,0, 3/4-Z .  
A METAL ATOMS IN: 0, 1/2, 1/4 + Z; 0, 1/2, 1/4-Z; 
1/2, 1/2, 1/2+Z; AND 1/2, 1/2, 1/2-Z. 
O BORON ATOMS IN: 0,0, Z; 0,0,Z; 
1/2,0, 3/4+Z', AND 1/2,0, 3/4-Z .  
# BORON ATOMS IN- 0 ,1 /2, 1/4 + Z;  0 ,  1/2, 1/4-Z ;  
1 / 2 ,  1 / 2 ,  1 / 2 +Z;  A N D  1 / 2 ,  1 / 2 ,  1 / 2 -Z .  
= 0.196, yg= 0.352 FOR WB. 
THE MoB STRUCTURE TYPE 
Figure 7. The FeB crystal structure. CoB and TiB are 
the only nonmagnetic monoborides with this 
structure at room temperature. 
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g 
(3 METAL ATOMS IN X,l/4. Z AND 1/2+X, 1/4, 1/2-Z 
^ METAL ATOMS IN X, 3/4, Z AND l/2-X,3/4, 1/2+Z 
O BORON ATOMS IN X, 1/4, Z AND 1/2+X ,  1/4, 1/2-Z  
e BORON ATOMS IN X,3/4.Z AND 1/2-X, 3/4, I/2 +Z 
X m =  0 . 1 8 0  Z M =  0 . 1 2 5  
Xg = 0.037 Zb =0.625 J 
FOR CoB 
THE FeB STRUCTURE TYPE 
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A characteristic feature of all three is the occurrence of 
infinite zig-zag chains of boron atoms which run through 
trigonal tunnels or "holes" in the metal lattice. The CrB 
structure will be described in detail, followed by a dis­
cussion of the similarities and differences possessed by the 
MoB and FeB structures. 
The CrB structure is shown in two projections in Figures 
5a and 6a. To envision the Cr environment, consider the Cr 
atom located near the center of the triangle in Figure 5a. 
Each Cr atom is coordinated with ten Cr atoms as follows: 
Each Cr atom is approximately at the center of a trigonal 
prism with Cr atoms located at each corner. The center Cr 
atom is a little nearer to the corner atoms lying in the 
plane which is perpendicular to the b-axis. These are the 
o 
shortest Cr-Cr distances, and are 2.65 A. The distance to 
o 
the other two Cr atoms forming the prism is 2.72 A. The next 
G 
nearest Cr neighbors are at +c, or 2.93 A away, and, finally, 
o 
there are Cr atoms at +a, a distance of 2.97 A. 
The Cr atom has seven near neighbor boron atoms, with 
six of them being slightly nearer than the seventh. Three 
of these boron atoms are on a plane perpendicular to the c-
axis bisecting the prism shown in the figure. This plane 
also cuts through the center Cr atom. These boron atoms are 
adjoined to the Cr atom by lines which are nearly perpendicu­
lar to the prism faces. In fact, one of the lines is 
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perpendicular, while the other two are closely so. Those 
two boron atoms which are approximately at the midpoint of 
o 
side b of the unit cell are 2.19 A from the Cr atom. The 
third closest boron atom in this plane is the seventh "near" 
o 
neighbor, and is 2.31 A distant. The remaining four near 
boron atoms are in planes above and below the one described 
above, and are also near the midpoint of side b. These four 
o 
atoms are also, coincidentally, 2.19 A from the central Cr 
atom. 
The boron environment can be seen by examining the boron 
atom represented by the shaded circle within the triangle on 
the right side of Figure 5a. This boron atom is also near 
the center of a trigonal prism with Cr atoms located at each 
corner. The boron atom has seven near Cr atoms. Three of 
these are in the plane perpendicular to the C-axis and passing 
o 
through the boron atom. Two of these are at 2.19 A, and the 
third at 2.31 X. The four additional Cr-B contacts are be­
tween the shaded boron and the four Cr atoms at the near cor­
ners of the trigonal prism. 
There are only two near boron atoms, these being the 
ones which join with their boron neighbors to form the infinite 
zig-zag chains running throughout the structure. These boron 
chains are easily identified upon examination of Figure 5b, 
which shows the CrB structure projected on the 100 planes. 
These boron atoms are only 1.74 A apart, and the angle of the 
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B-B-B bonds is 115°. 
The boxes drawn in Figures 5, 6, and 7 represent unit 
cells. The cells are not scaled with great precision, but 
are intended to give a fair representation of size and shape. 
In all the structures the metal atom is located near the 
center of a trigonal prism formed by six metal atoms. The 
metal atom is coordinated to ten metal atoms and to seven 
boron atoms, as in CrB. Similarly, the boron atom is near 
the center of a trigonal prism with metal atoms located on 
the corners, and is coordinated with seven metal atoms and 
two boron atoms. 
The boron chains in CrB and FeB run in only one direc­
tion. In CrB the chains are parallel to the c-axis, and in 
FeB they are parallel to the b-axis. However, in the tetrag­
onal MoB structure the chains run in two mutually perpen­
dicular directions, parallel to the a and b-axes. 
3. The electric field gradient at the boron nucleus. The 
covalent bond contribution 
The occurrence of the boron chains which are present in 
all the metal monoborides presents an interesting problem 
which lends itself to a study by conventional nmr techniques. 
It has been proposed that the boron atoms are bonded covalently 
wi-hl-i fhç» "hrcrrin rt'h'hrii-c! in n . There i R sarrreennAnt 
about the direction of electron transfer, that is, whether 
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the boron atoms gain or lose electrons upon formation of the 
boride, but there is almost universal agreement that some 
sort of covalent bonding between neighboring boron atoms 
occurs either with an excess or deficiency of electrons. 
For specific discussions regarding bonding in the mono-
borides, see references 8, 12, 6, 13, 14, and 15. For dis­
cussions of bonding in the higher borides, see, for example, 
references 9, 10, 11, and 5. For brief reviews of bonding 
arguments, see Post (47) and Aronsson (48). 
If strong covalent bonds are present, they must contain 
a large amount of p-character as prescribed by the angle be­
tween adjacent bonds. The angle between adjacent bonds is 
110° in FeB, and varies to a maximum of 127° in WB and MoB. 
The only reasonable explanation for directed bonds of this 
type is the assumption that they contain a large amount of 
p-character. The bonds are assumed to be formed from the 
overlap of sp-hybrid atomic orbitals, with the strongly 
directed p-character accounting for the bond angles. 
The effect of two equivalent covalent bonds on the EFG 
at the site of the B nucleus will now be considered. Assume 
the bonds are of mixed s- and p-character, and let the angle 
between them be 0. Suppose that the first bond is formed by 
the overlap of the first wave function with a similar wave 
function from a neighboring atom, and that the second bond 
is formed by the overlap of wave function ^2 with a similar 
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wave function from the other neighboring atom. The EFG pro­
duced by these electrons can be calculated as below. 
First, consider the EFG generated by a single p-electron 
on the boron atom. Since the wave function is axially sym­
metrical, the V and V components are equal. In addition, 
XX yy 
the Laplacian applies. That is. 
V + V + V =0 
XX yy zz 
(73) 
The use of both of these conditions allows one to write 
V - V = -^V . (74) 
XX yy 2 zz 
Let q^ be the q^^-component generated by a p^ electron. Then 
the EFG for a p^ electron may be written in matrix form as 
S 
1 
' 2  
0 
0 
1 
" 2  
0 
0 
0 
1 
(75) 
In his thesis. Silver (49) calculated (e q^Q) to be 5.39MH^, 
based on the atomic beam results of Wessel (50). 
Silver (49) also calculated the EFG for two sp-hybrid 
bonds at an arbitrary angle. This problem is relatively 
straightforward. The wave functions for the two equivalent 
4 4-4- a c / ^ 1 ) 
= as + bp^ , 
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and 
4*2 as + bp^ , (76) 
where the s is an atomic s-type wave function and p^ is an 
atomic p-type wave function with its symmetry axis along 
direction 1. The subscripts on the p wave functions refer 
to the direction of the bonds with the angle between them 
taken as 0. The amount of s and p-character of each wave 
2 2 function is given by a and b , both of which are determined 
by the angle 0. The orthogonality condition yields 
- a^ + b^ cose = 0 (77) 
and the normalization condition yields 
(^jy^l) - + b^ = 1 . (78) 
By combining Equations 77 and 78 the amount of p-character 
is given by 
= 1 ./cose • (791 
It is only this part of the wave function which will con­
tribute to the EFG, since s wave functions are spherically 
symmetric. 
The axes were chosen with some foresight so that they 
turn out to be the Drincinal axes of the total EFG generated 
by both bonds. By symmetry, an axis parallel to bond 1 is 
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one of the principal axes of the EFG generated by p^. Choose 
this axis to be x^, with y^ parallel to y so that a rotation 
of x^ of e/2 about y^ (or y) will bring the x^^l^l sys­
tem into coincidence with the figures axes, xyz. The EFG 
produced by p^, which is diagonal in the x^y^z^ system, can 
be related to the xyz axes by performing a similar rotation. 
The rotation matrix for a rotation of 8/2 degrees about y 
is given by 
R = 
cos| 
0 
. 0 
sin-2 
0 
1 
0 
-sin © \ 
© 
COSg 
(80)  
and if 0^ is the EFG of p^ in its own principal axes, then 
the EFG in the figure axes is given by 
0(1) = R0jR -1 (81) 
Due to the choice of axes, that is, taking p^ along x^, 
1 0 0 \ 
01 l-cos6 0 
\ 0 
1 
"2 (82)  
1 
"2 
VJhen the matrix multiplication is performed, the resulting 
field gradient due to p^ is given by 
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0(1) S l-cosO 
; 1 - fsin^ I 
0 
3 s in© 
1 
"2 
0 
3sinQ 
0 
|.|sin2f / 
(83) 
0(2) is found similarly, except that R is now the rotation 
matrix for a rotation of -9/2 of x^ about y, which would 
take the ^ 2^2^2 into coincidence with xyz. The re­
sulting 0(2) is found by replacing 9 by -9 in the expression 
for 0(1) given by Equation 83. 
The addition of 0(1) and 0(2) yields the desired re­
sult, the total E?G due to both and iji^. The total EFG is 
2 + Gl; = i_cose 
Y(l+3cos9) 0 
0 -1 
0 0 
0 
0 
^(l-3cos9) 
. (84) 
The coordinate axes were chosen so that when © is in 
the range of 109°21'to 180°, then fv f > fv | > (v 1, 
^ ' zz' — ' yy' — ' XX' 
which is the needed condition to insure that T] remains be­
tween 0 and 1. The angle 109°21'is the angle at which 
COS0 - For angles less than this, no longer re-
m 1 av» 4- +-"W n 1 c» o c » AT.T n 
nition of coordinates is made. However, the three structures 
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represented by the samples studied all have bond angles which 
are 110° or greater, so that the axes are sufficient as 
chosen. 
With 0 constrained to be greater than 109°2l', the asym­
metry parameter is given by 
n = ZïilV = 1±^  . (85) 
zz 2 - cose 
The coupling constant is given by 
e^qQ = Il : iTsef ' <®6' 
2 
where e q^Q = 5.39MHz. It is worthy of note that the cose 
term has a different sign in the numerator than in the de­
nominator of the expression for r)/ while the sign is the 
same in both in the expression for the coupling constant. 
Due to this change in sign, ^ is a strong function of ©, 
2 
while e qQ varies rather weakly with changing e. The values 
of T] and Vq as a function of 0 are presented in Table 2. 
Eta varies from a value .975 at 6 = 110° to a value of .365 
at 130°. The coupling constant varies from 4.07 MHz to 
4.80 MHz over the same range of 0. 
Consideration should be taken of the additional con­
tributions to the EFG, which are by no means negligible. 
The noint. ions CAnmrAtA an whi rh ran he 
2 though the quadrupole coupling constant, e qQ, is usually 
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Table 2. The asymmetry parameter and maximum component of 
the electric field gradient generated by two 
equivalent covalent sp-bonds 
e 2 n q e^qQ 
(MHz) 
110° 
.975 .756 4.07 
115° 
.763 .794 4.28 
120° 
.600 .833 4.49 
125° 
.470 .864 4.66 
130° 
.366 .891 4.80 
a great deal less than 5MHz in intermetallic compounds. 
Furthermore, the conduction electrons contribute to the EFG 
(52), and, again, the contribution can be quite large though 
generally it is less than that due to the ions. 
Even though there are sizable contributions from the 
point ions and conduction electrons, the contribution to the 
EFG from the p-electron part of the covalent bonds should be 
dominant. After the presentation of the experimental results, 
this argument will be reopened. A case will be presented in 
which the conclusion is drawn that there are no strong co­
valent bonds between the boron atoms. The basis of this 
2 
conclusion is that both T] and e qQ are found to be of an 
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order of magnitude less than the calculated values assuming 
covalent bonding. 
4. Synthetic lineshapes generated by computer for comparison 
with experimental traces to determine and Vq 
Recall from Chapter II that the nonzero quadrupole satel­
lite lineshape has three characteristic features. The three 
features of the low frequency satellite lineshape are (see 
Equations 49 and 50); a singularity at 
~ •^o ~ ~ ' (87) 
a shoulder or distribution edge at 
^2 - Vo - il+^) , (88) 
and a step or distribution edge at 
= Vq + VQ . (89) 
3 
Also, remember that the other spin ^ satellite lineshape is 
identical to this one with the exception that it is reflected 
about VQ- For example, the singularity of the high frequency 
satellite is at 
" VQ + -^(1 - T]) . (90) 
nm_ _ n J * I • ••• ipxx 1-L.xiiy, oi. ocpaj. dcxoii, xii j.j. jjcuwecll une 
singularities is 
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Vq(1 -^) (91) 
and those for the shoulder and step are, respectively, 
Av2 - Vgtl+ (92) 
and 
2v Q (93) 
The observation of any two of these splittings is sufficient 
Although it is seemingly straightforward to measure the 
quadrupole parameters, the task is often hindered due to 
complicating situations which arise. A common situation is 
that in which only two resonances (features) are observed on 
either side of the central transition. It has been seen that 
the measurement of any two of the splittings is sufficient to 
measure the quadrupole parameters, provided that clear identi­
fication can be made of the features observed. Accordingly, 
unless the resonances can be identified by their shape or by 
some other means, all three of the features on either side 
of the central line must be observed to determine both the 
EFG parameters. 
To facilitate cognizance of the various situations that 
might be encountered, consider what happens to the various 
features as r] increases from zero to one. When t] = the 
shoulders are nonexistent, with the singularities being 
to determine both t] and Vq-
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located at v = v_ + and with the steps at v = v + v-,-
O Z U O — Vc 
As r, increases, the shoulders grow out of the v = v + 
o — Z Q 
positions and move away from the central line an amount 
^qvQ. The singularities move an equal distance, but in an 
opposite direction, toward the central line so that the 
splitting between the singularity of one transition and 
the shoulder of the other always remains equal to T]Vq. 
T h e  s t e p s  a l w a y s  r e m a i n  f i x e d  a t  v  =  V ^ + V q .  
Of course, there will be line broadening due to the 
dipole-dipole interaction as well as the EFG distribution 
broadening, so that t\ can be quite large before the shoulder 
and the singularity become well resolved. When r\ is at an 
intermediate value, the singularity, shoulder, and step will 
all be well resolved from one another, provided that Vq is 
larger than the broadening (see Figure 3 for unbroadened 
lineshape distributions for t] = 0.0, 0.5, and 1.0). An im­
portant point, which will be reexamined later, is that at 
intermediate values of r), the shoulder and step are very 
nearly of the same intensity and shape, and there is no 
reason to expect that one would be observed without the 
other. As T] continues to increase, the shoulders continue 
to move away from the central line, and eventually, when 
n - 1, they will merge into the steps. Of course, due to 
the broadening, the shoulder and step will become unresoiv-
able for an T] somewhat less than one. The exact value of 
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rj at which this occurs will depend on both the magnitude of 
n and the magnitude of the broadening. As the shoulders 
move into the steps, the two singularities merge together, 
and, more importantly, into the central line at v = v^. 
The most difficult and confusing situations arise when 
Ti is either small or large. When r] is small, there are only 
two resonances on either side of the central line, since the 
shoulder and singularity are unresolved. This in itself is 
not a difficulty, since one could measure Vq from the split­
ting of the steps and at least place an upper limit on r|. 
Rather, the difficulty arises in trying to prove that this 
is in fact the situation that is occurring. There are other 
possibilities in which only two resonances might be seen, 
and these must be ruled out on some grounds in order to pro­
ceed. For example, the two resonances seen might be thought 
to be the shoulder and the step, with the singularity lying 
buried under the central transition. Or, the two features 
might be the singularity and shoulder, with the step being 
lost in the noise. Equally confusing is the large t\ case 
when only one resonance appears on each side of the central 
resonance. This could easily be confused with the q = 0 
case. The resonance could be mistaken for the T] = 0 singu­
larity, under the assumption that the step was lost in the 
noise. This is nor unusual, since for small T] the biiiyulcuL-
ity is always the dominant part of the lineshape, and it is 
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exceptional when the step is seen. 
To examine in a more quantitative fashion the effect 
that changing r] has on the satellite lineshape, a program 
was written to generate synthetic absorption derivative line-
shapes with a computer. A number of papers have dealt with 
the quadrupole satellite powder pattern in the axial EFG 
case. McCart and Barnes (53) performed computer calcula­
tions to generate axially symmetric satellite lineshapes 
taking into account EFG inhomogeneity. Borsa and Barnes 
(54) calculated computer lineshapes with broadening for the 
anisotropic Knight shift, an interaction which takes the 
form A(3COS G-1) where A is a constant. This has the same 
form as the quadrupole interaction when rj = 0, and therefore 
the results are applicable in this case. Hughes and Rowland 
(55) have also calculated the axial anisotropic lineshape 
considering broadening, but, like Borsa and Barnes, were 
chiefly concerned with the case in which the broadening is 
comparable to the width of the distribution. Forman and 
Kahn (56) have also generated lineshapes for the interaction 
of the type A(3cos 0-1), additionally considering the case 
in which the broadening is small compared to the width of 
the distribution. This is quite often the case which is 
applicable to the quadrupole interaction. Others (57, 58, 
59) have considered the effect of broadening upon interactions 
of the same form as the axial anisotropic Knight shift. 
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employing varied techniques. 
Similar calculations have been performed in order to 
extend the results to include the first order nonaxial quad-
rupole interaction. The calculations were performed by hav­
ing the computer carry out the following operations : The 
unbroadened distribution function P^(x) given by Equations 
45, 46, and 47, was calculated for the low frequency transi­
tion. The high frequency satellite was found by reflecting 
P^(x) about x = 0, that is, performing the operation 
P (x) -y P (-x) . The total satellite distribution was found 
n n 
simply by summing the separate satellites, and this is given 
by 
P = P (x) + P (-x) . (94) 
T ) , tot r\ T ]  
The total satellite lineshape was then folded with a gaussian 
to take into account the nuclear dipolar and EFG inhomogeneity 
broadening. The expression calculated by the computer was 
^,tot = J '  <95> 
where 
G(x-v;ii ) - ] 
'1^ ' "sat "Lt 
r—m —% XNY  ^  ^m —» .C T— — 1 - — -I «3 — — — —. T —  ^
^ sat 
P (x) is normalized to 1 the area under the curve, I , 
r] T], tot 
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will be equal to 2, that is, twice the area for one satellite. 
A gaussian, not necessarily of the same width as that used 
for the satellite broadening, was added as a central transi­
tion. The central line is given by 
2 
1 = 1  —  e x p L -  ,  ( 9 6 )  
Jtt a a 
c c 
4 4 
where the y factor is added, since the central line is -g 
more intense than the satellites (30). Consequently, the 
total broadened lineshape is given by 
Itot = \,tot + (97) 
Finally, the derivative of with respect to v was 
calculated, since this is the quantity that is usually re­
corded experimentally. The absorption derivative is given 
by 
s = . (98) 
Summarized, the complete expression for S is given by 
CO 
® Pn'tot'x) G'*- V' + G^^v)} . (99) 
_co 
Following performance of the calculations, the computer 
was programmed to plot and S, all as a function 
of X. 
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In Figures 9, 10, 11, and 12 several of the synthetic 
traces of the absorption derivative have been gathered to­
gether in a form which is convenient for studying the effect 
of T] on the lineshapes, and also for comparing the synthetic 
traces with experimental ones. However, prior to discussion 
of the r) dependent behavior of the lineshape, a brief dis­
cussion regarding the manner in which the synthetic and ex­
perimental traces can be compared will be presented. 
All lineshape theory has been worked out under the as­
sumption that the frequency is scanned while the magnetic 
field is held constant. However, the frequency can in fact 
be held constant to a higher degree of accuracy than can the 
magnetic field, and, also, it is relatively simple to scan the 
magnetic field. Consequently, the usual experimental proce­
dure is one in which the field is scanned while the frequency 
is held constant. Since the synthetic traces were generated 
assuming a frequency scan, it is clear that some adjustment 
must be made in order to compare them to field scan experi­
mental traces. 
The conversion to field scan lineshapes is comparatively 
straightforward. Consider, as an example, the low frequency 
satellite which was a frequency distribution given by 
V = V + ^v„(3cos^0 - 1) . (100) 
Taking the derivative of v with respect to H at constant 0 
Figure 8. Synthetic satellite lineshapes generated by 
computer. The central transition which tends 
to obscure the detail of the satellite line-
shape has been omitted. The dotted lineshape 
in the bottom figure is the unbroadened dis­
tribution function for T] = 0.18 and the smooth 
curve is the arbitrarily broadened lineshape. 
The top figure shows the derivative of the 
lineshape. 
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Figure 9. A collection of synthetic derivative lineshapes with the broaden­
ing function a fixed at a value of 0.10 relative to the horizontal 
scale. The asymmetry parameter is varied in steps of 0.10 except 
that traces for 0.40 and 0.60 have been omitted. The amplitudes 
are plotted on an arbitrary scale, but the scale is the same for 
all the traces. This figure may be compared to Figure 8 to see 
the dominant effect that the central line has over the satellites. 
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Figure 10. A collection of synthetic derivative lineshapes with o held 
constant at 0.20. The asymmetry parameter varies from 0.01 
to 0.99. 
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figure 11. A collection of synthetic derivative lineshapes with a held 
constant at 0.30. The asymmetry parameter varies from 0.01 
to 0.99. 
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Figure 12. A collection of synthetic derivative lineshapes. This figure il­
lustrates the drastic effect that large static broadening has on 
the derivative lineshape. In this figure t] is held constant at 
0.5 while a is varied. Note how rapidly the detail due to the 
satellite distribution is lost as a increases. A small quadrupole 
interaction results in very similar lineshapes even if the absolute 
value of a is small. 
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yields 
' W ' g  "  =  T o  '  ( 1 0 1 )  
and it is seen that v increases linearly with H with a slope 
of Yq- This is, in fact, true even for a 2nd order treat­
ment. The slope can be written directly, and is 
^ - ^ o 
- H - l-o ' 
which may be rewritten as 
H = - I H (Scos^G - 1) (102) 
by letting Vq  = YQ ^Q* low frequency satellite becomes 
the high field satellite when the scan is converted from 
frequency to magnetic field. The lineshapes of Figures 9, 
10, 11, and 12 can be converted to field scan simply by re­
placing (v-Vq)vq~^ by 
Figures 9, 10, 11, and 12 were made with a . set equal S SX' 
to This was done to eliminate one of the parameters for 
convenience, while studying the effect of r| on the lineshape. 
In the following section there are several examples of line-
shapes in which amd are quite different. 
The absolute value of sigma depends on the magnitude of 
the quadrupole interaction in the following way: The steps 
due to the 0° crystallites, and their resultant bumps. 
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occurring in the derivative trace, are always at v = v + O  —  Q  
or at +1 on the (v-Vq)v q~^ scale. Accordingly, on this 
scale 2 is always equal to twice the quadrupole frequency. 
If N is the number which represents a in the figures, then 
a simple ratio can be set up to obtain the magnitude of cr 
in terms of Vq- This gives a = Nvq in frequency units, or, 
equivalently, a - NH^ in field units. It might also be 
pointed out that the peak-to-peak width of the derivative 
of a gaussian is related to cr^ by the following relation; 
AH = V2 0^ • (103) 
Before proceeding to the experimental results, a brief 
discussion of each of Figures 9, 10 and 11 will be presented. 
a. Figure 9: a collection of a - 0.1 derivative line-
shapes In order to gain some familiarity with the widths 
of the various resonances appearing in Figure 9, suppose 
that the strength of the quadrupole interaction is 0.1366 
MHz (or H q  = 100 Oe for ^^B) . Using the relation c r  =  N v q  
then gives a value of 13.66 KHz (or 10 Oe) for the magnitude 
of a. This value of n can be substituted into Equation 103 
to calculate the peak-to-peak derivative width of the central 
line. Doing so gives a value of 19.32 KHz (or 14.14 Oe) for 
Next, to identify the various resonances or bumps which 
represent the singularity, shoulder, and step, consider the 
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lineshape for x] - 0.3, since this is one of the cases in 
which all three are clearly visible. Immediately to the 
right of the central line there appears the resonance due 
to the singularity of the high frequency satellite. Di­
rectly to the right of it is the resonance, or bump, due 
to the shoulder of the high frequency satellite, and further 
to the right, at exactly x = 1.00, there appears the bump 
due to the step of the low frequency satellite. The reso­
nances on the left side of the central line are clearly 
reflections, and their identities are obvious. 
A conclusion which may be drawn immediately upon ex­
amination of the lineshapes is that the derivative never 
crosses the baseline in the vicinity of the shoulder or the 
step. In fact, the shape of the shoulder is very similar 
to that of the step and both have very much the same shape 
as the gaussian which was folded into the distribution. 
However, the derivative always crosses the baseline at the 
singularity. This is not unexpected and may be deduced from 
an examination of the unbroadened satellite distribution. 
Now, upon consideration of the entire collection of 
derivative lineshapes, it becomes clear, somewhat surpris­
ingly, that the resonance due to the singularity is no more 
intense than those due to the shoulder or the step, except 
when Ti is aoitp smnll. This is because the lineshape is 
very sharply peaked, that is, the "infinity" is narrow and 
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the broadening need not be very large to reduce the intensity 
quite drastically. 
Next, considering the effect that changing T\ has on the 
derivatives, it is seen that the shoulder separates from the 
singularity somewhere between T] - 0.1 and r\ = 0.2, and con­
tinues to move out with increasing q until it begins to 
merge with the step when r; is about 0.8. After the singu­
larity becomes resolved from the shoulder, it continues to 
move in the opposite direction until it starts to disappear 
under the central line, when t] reaches 0.5. When t] reaches 
a value of 0.8, the singularity is completely lost. So, for 
this particular value of o, all three of the characteristic 
features are visible only in the region 0.2 < rj < 0.8. 
A careful study of the derivative lineshapes reveals 
that it is the very peaks of the bumps, which are due to the 
shoulder and step, which are actually the proper positions 
to measure experimentally. That is, it is these positions 
which correspond to the distribution edges of the unbroadened 
satellite distributions. Thus, there is little difficulty 
encountered in measuring the position of the shoulder or 
step with precision. On the other hand, the position which 
corresponds to the infinity of the distribution is much more 
difficult to pinpoint. It is near the zero of the derivative 
when r] is large. This is because the lineshape takes on a 
symmetrical appearance about the singularity as q increases. 
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Therefore, for large values of T ], the zero, or at least some 
point near the zero, of the derivative will be the proper 
point to measure in order to compare the measured values 
with theory. However, when t] is small, the lineshape as­
sumes an asymmetrical appearance about the singularity, due 
to the shoulder moving toward it. When this is the case, 
the point of the derivative which corresponds to the singu-' 
larity of the unbroadened distribution is somewhere between 
the zero and the peak of the derivative, and is not easy to 
measure precisely. 
This is aptly illustrated by the spectrum of CrBg, 
which is shown in Figure 14. From the crystal symmetry 
(AIB2 type) it is known that the asymmetry parameter is zero 
at the site of the boron atom. The striking similarity in 
appearance of the CrB^ spectrum to the top trace of Figure 9, 
which is for q - 0.01, is obvious. (No t] = 0 traces were 
generated due to the excessive amount of computer time that 
would have been required without some program modification. 
It was not thought worthwhile to make this modification, 
since the lineshapes for r] - 0 have been calculated else­
where (53, 55, 56).) 
Proceeding to the measurement of Vq/ the splitting of 
the bumps gives a value of 0.299 + 0.005 MHZ for and 
— W 
the uncertainty in this number is almost entirely due to 
the uncertainty of the exact location of the peaks of the 
Figure 13. The theoretical absorption lineshape for the first order quad-
rupole interaction for a spin 3 nucleus such as This 
lineshape is for r] = 0.5. Although T ] is much smaller than 
this in CrB, the experimental trace of Figure 21 may be 
roughly compared to this lineshape. Peculiar to integer spin 
nuclei is the absence of a central line. This is a conven­
ience for studying the quadrupole interaction, but ^*^6 has a 
small natural abundance and yields a low intensity nmr signal. 
g 
s 60 
N 
OC 
O 
z 
z 
o 
H 4.0 
V) 
z 
< Q: 
K 
X 
LU 
g 2.0 
o 
< 
UJ 
oc 
< 
-4.0 -2.0 0 
1^0/2 
THEORETICAL ABSORPTION 
LINE SHAPE FOR FIRST 
ORDER QUADUPOLE 
INTERACTION WITH 1=3 
AND 77 =0.5 
M 
C 
en 
2.0 4.0 
Figure 14. An experimental trace of the B spectrum in CrB?. This trace 
provides an excellent example of a spectrum in which the steps 
due to the crystallites parallel to the field are readily vis­
ible. The asymmetry parameter is zero in this compound and 
this trace may be compared to the r) = 0.01 synthetic trace of 
Figure 9. The almost total absence of noise was obtained by 
time averaging the nmr signal for six hundred minutes. 
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bumps. The value of Vq  obtained by measuring the splitting 
of the peaks of the derivatives of the singularities is 0.312 
+ 0.005 MHZ, while that found by measuring the splitting be­
tween the zeros of the derivatives is 0.284 + 0.005 MHZ. The 
average of these two numbers is 0.298 MHZ, and agrees quite 
well with the value obtained by measuring between the steps. 
So, in this case, the proper choice for the point to measure 
is approximately halfway between the zero and the peak of the 
derivative. This is exactly what is found from the synthetic 
trace for T] = 0.01, which is a good approximation to the 
r] = 0 case. The value of Vq as obtained from the steps, 
which is certainly considered the most precise measurement, 
does not quite overlap with the value of 0.31 + 0.005 MHZ 
reported for Vq by Silver and Kushida (5). Although they 
do not comment on this point, they probably measured between 
the peaks of the derivative, a process which would yield a 
slightly excessive value for Vq. 
b. Figure 10: .a collection of a - 0.2 derivative line-
shapes Doubling the size of cr has an appreciable effect 
on the appearance of the derivative lineshapes. The contri­
bution to the lineshape from the singularity is beginning 
to take on a rather minor role. Eta now has to be greater 
than 0.9 before fhp singularitv emerges from the shoulder, 
and then its appearance is rather brief, for when r) reaches 
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the value 0.7 it has already vanished under the central 
line. It is only in the range 0.2 < T] < 0.7 that all three 
features occur. Note that when the shoulder moves into the 
step at T] = 0.8, the peak of the resultant bump is at a 
value of X which is less than 1.00. As t] continues to in­
crease, the single bump now representing both the shoulder 
and the step moves back to 1.00. 
Ç. Figure 11 : a collection of g = 0.3 derivative line-
shapes When the broadening has the value of a - 0.3, the 
various parts of the lineshape begin to lose their distinct­
ness and the derivative assumes a rather wavey shape- There 
is never a distinct part of the derivative which can be at­
tributed solely to the singularity with the possible excep­
tion of a very weak bump at T] = 0.5. Note that the peak of 
the derivative near the singularity remains stationary until 
r) is greater than 0.2. This, of course, makes precise 
measurement of rj very difficult in the presence of combined 
effects due to both a large a and a small r). This same ef­
fect, the bunching up and smearing out of the derivative 
shape, is encountered if Vq is small enough to cause the 
satellite lineshape to collapse in on the central line. 
^- Monoboride results 
The results of the nmr study of the transition metal 
monoborides are summarized in Table 3. Values of x] and V q  
Table 3. The monoboride results 
(Oe) 
''Q s^at 
(KHZ) (Oe) (Oe) 
AH . = 
PP . / 2 
(Oe) 
Remarks 
CrB 
VB 
NiB 
MoB 
WB 
CoB 
7.09(7.84) 
24.88 
9.03 
0.05+0.05 40.0+3.0 10.64 10.64 
No evidence of satellites at all. 
'Q 
7.52 
very small? 
0.23+0.03 118.2+3.0 No computer trace. 
(11.1) 0.13+0.03 110.0+2.0 28.4 14.6 
15.44 
15.46 
0.21+0.05 
0.16+0.04 
111.1+2 .0 
107.5+2.0 
10.3 
7.33(9.29) 0.13+0.03 159.2+2.0 21.0 13.2 9.34 
Sample contains large 
amount of impurity 
phase. 
Note that the satel­
lite broadening is 
much larger than the 
central line broaden­
ing. 
Very slight structure 
at center of central 
line. 
Room temperature. 
Nitrogen temperature. 
TiB Only one resonance on either side of central line. No determination of q 
Ill 
were obtained for five of the samples studied. No values 
are given for VB or TiB, for reasons which will be discussed 
within the presentation of results obtained for each sample, 
consideration of each sample being given in turn. The 
tungsten boride data will be presented initially, since it 
furnished an excellent example for use in explaining the 
method employed to obtain the best values of T], Vq/ CTGAT' 
and 0 . 
c 
a. The WB results An experimental trace of the ^^B 
resonance is shown in Figure 15. For comparison, the syn­
thetic trace chosen to be most representative of the experi­
mental trace is presented in Figure 16. The asymmetry of 
the central line of the experiment trace is a spurious ef­
fect due to the fast scan rate of one pass per 160 sec, which 
was considered necessary to obtain a reasonable signal-to-
noise ratio. Despite this, fifteen hours of continuous 
averaging were required to obtain the trace of Figure 15. 
Only one-half of the satellite spectrum, plus the central 
line, was recorded, thus permitting a somewhat more accurate 
calibration of the field scan than could otherwise have been 
achieved through scanning the entire spectrum. 
Since the derivative spectrum exhibits only two 
bumps on either side of the central line, there are two cases 
worthy of consideration. First, the inner bump could be due 
Figure 15. An experimental derivative trace of part of the B nmr spectrum 
of WB. This trace was obtained by time averaging for fifteen 
hours. Only one-half of the satellite spectrum was recorded in 
order to obtain better resolution. The central transition line-
shape was distorted due to the rapid scan rate (one pass/160 sec) 
which was deemed necessary to obtain a reasonable low noise trace. 
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Figure 16. A synthetic absorption derivative trace which fits the W B 
experimental trace of Figure 15. The horizontal scale is in 
units of (v-Vq)vq~'^ or, equivalently, 
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to the singularity, the outer bump could be due to the 
shoulder, and the expected bump due to the step might be 
lost in the noise. This assignment of identities would lead 
to a value of 124.3 KHz for Vq and a value of 0.28 for r|. 
However, an examination of the synthetic traces of, for ex­
ample, Figure 9, shows that if t] were this large there would 
be no reason for the line due to the step not to be clearly 
visible, and equally as intense as the resonance due to the 
shoulder. The absence of this line in the experimental 
spectrum allows one to exclude this case without further 
cause. 
In the second case, which is in fact, the proper one, 
the inner bump is due to the unresolved singularity and 
shoulder, and the outer bump is due to the step. The initial 
values of 159 KHz and 0.14 measured by Vq and rj based on this 
assignment of features proved to be quite close to those 
eventually chosen after careful comparison of the experi­
mental trace with synthetic traces. 
An iterative process was employed for the generation of 
synthetic traces for comparison with experimental traces. 
The initial measured value of q and a value of 
which would generate a spectrum having a central line of 
the proper width were used as initial guesses. Following 
comparison of this first synthetic trace with the experi­
mental trace, adjustments of t], Oq> and ïg^t were made to 
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bring the synthetic trace into better agreement. This 
process was repeated until satisfactory agreement was ob-
used to generate the "best" synthetic trace. 
Some criteria must, of course, be employed to compare 
the synthetic to the experimental traces. The comparison 
was performed by calculating certain ratios of splittings 
and amplitudes from both the experimental and the synthetic 
derivative traces and then comparing these ratios. 
The ratios were chosen so that their values depend on 
1^, and in different, but interrelated, ways. The 
splittings measured were: the splitting of the 
steps; the splitting of the peaks of the inner 
bumps ; and A^pp/ the peak-to-peak width of the central line. 
The derivative amplitudes measured were A , A. , and 
^ pp inner 
^bump' their meanings being obvious. The ratios and the 
parameters they strongly depend upon are listed below: 
tained, and the final values of n, a . and a are those 
' sat c 
Ratio Parameters 
inner 
inner 
AH. 
PP 
A P P  
"c' "sat inner 
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A. inner 
^ump 
Since V q  can be measured quite accurately from the 
splitting of the steps, following identification of the 
steps, the primary goal of generating synthetic traces 
which are good fits to the experimental trace is to obtain 
accurate values for T], and, of course, to identify the 
various lines in confusing situations- The relative 
values of a , and a are of interest in themselves, but 
sat c 
were considered to be of secondary importance in this work. 
For these reasons, the main effort was aimed at obtaining 
good agreement for the ratios which are strongly dependent 
dependent on q than the others, since these ratios are ob­
tained from parts of the spectrum which depend solely upon 
the satellite lines. It was for these ratios that good 
agreement was sought, and after obtaining it no further 
synthetic traces were generated. 
The estimates of the uncertainty in the measurements 
of T] and Vq are listed in Table 3. In all cases Vq is judged 
to be a more accurate measurement than that for r], since it 
was in all cases made from a measurement of the splitting of 
the steps. In this case, the measurement of Vq should be at 
least as accurate as the values obtained for Vq in samples 
in which it is known that the asymmetry parameter is zero. 
on T]. The ratios 
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The measurement of n is more tedious and less accurate, but 
it is felt that the use of the synthetic traces and the man­
ner in which they were compared to experiment lends a certain 
degree of reliability to the measurements. On the other hand, 
the values of cr^ and are taken from computer traces often 
distorted by overmodulation. For example, the AH^p of the 
experimental trace of Figure 15 is 9.29 Oe, as reported in 
parentheses in column one of Table 3. The value of App cal­
culated from the value of cr^ used to generate the synthetic 
trace of Figure 16 is 9.34 Oe, and the agreement is excel­
lent. However, the modulation used in recording the trace 
was 3.5 Oe, too large for accurate width measurements, al­
though its effect on the position of lines is slight. In 
fact, as shown by careful low modulation traces, the real 
width of the central line is 7.33 Oe, and the error in is 
obvious. Consequently, the values of and are not to 
be taken too seriously, although their relative values should 
be quite reliable. 
b. The MoB results The MoB results are very simi­
lar to those of WB, as would be expected from a comparison 
of crystallographic data. The two compounds are isostruc­
tural with very similar lattice parameters, W and Mo occupy­
ing the same column of the periodic table. The values ob­
tained for the quadrupole parameters are listed in Table 3. 
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Although the measured parameters are similar, the gen­
eral appearance of the Mo^^B spectrum is quite different 
from that of the spectrum. The cause of the low in­
tensity and poor resolution of the satellite derivative is 
straightforwardly explainable. The magnitude of Vq is some­
what smaller for MoB than for WB, and, as an additional com­
plication, the magnitude of the satellite broadening is con­
siderably larger. The combined effect of these circumstances 
is drastic reduction of the amplitude of the derivative of 
the satellite lineshape, with accompanying loss in resolution. 
This loss of amplitude and resolution can be seen by compar­
ing the MoB experimental trace of Figure 17 and the synthetic 
trace of Figure 18 with the WB traces. The derivative bumps 
due to the steps are very weak, and it is only their reproduci­
bility that lends them credibility. 
c. The CrB results The Cr^^B sample presented the 
most challenging spectrum for analysis. On one hand, the 
signal was very strong, making possible the obtainment of 
excellent undistorted low noise traces with the utilization 
of low modulation and slow scan rates, but, on the other 
hand, the spectrum is very poorly resolved, with each line 
merging with its neighbors. Chronologically, this was the 
first monoboride sample studied, and the inability to decipher 
this spectrum provided the impetus which led to the develop­
ment of the computer program to synthesize lineshapes. 
F:.gure 17. An experimental trace of the B nmr spectrum of MoB. This 
trace was obtained by summing two hundred twenty-five separate 
passes through the resonance (ten hours) with a multichannel 
analyzer. Even so, in order to obtain low noise it was neces­
sary to use a large modulation field (4.5 Oe) and a rapid scan 
rate (one pass/160 sec). Note the very faint resonances at 
each end of the trace. These are also visible on the synthetic 
trace of Figure 18. 
o 
3 
UJ 
> 
i (T 
UJ Q NMR IN MoB DERIVATIVE LINE SHAPE 
U  =  2 7 9 9 9 4 1  M H z  
THE BOTTOM TRACE IS EXPANDED 9x. 
NOTE THE VERY FAINT RESONANCES 
AT THE ENDS OF THE TRACE. 
to 
to 
20.5742 20.5415 20.4965 20.4493 20.4132 
MAGNETIC FIELD (Oe) 
F;.gure 18. A synthetic absorption derivative trace with the parameters r|, 
o"sat' and Oc adjusted to fit the Mo^B experimental trace of 
Figure 17. Note the very faint resonances at +1.00. These 
are due to the crystallites which are aligned parallel to the 
magnetic field and they are almost wiped out by the large satel­
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The spectrum is difficult to analyze because the quad-
rupole interaction is small, as is the asymmetry parameter. 
Since the quadrupole interaction is small (less than one-
half that of any of the other samples studied), large static 
broadening is required to generate the synthetic curves. By 
large broadening it is meant that it is large relative to the 
width of the satellite spectrum, which is, of course, 2vq. 
In actual fact, the absolute magnitude of the static broaden­
ing is considerably less than that for either MoB or WB. The 
additional complication, the small asymmetry parameter, com­
bines with this large broadening to yield a derivative line-
shape which has the central line overlapping the singularity 
and shoulder, which are unresolved, and at the same time the 
singularity and shoulder are merging with the step deriva­
tives. It is then extremely difficult to measure the posi­
tion of any of the satellite lines with precision. In fact, 
before the first computer traces were made, it was initially 
thought that the outer bumps of the ^^B trace of Figure 19 
might be the lines due to the shoulders and that the steps 
were lost in the noise. This would give a Vq of 62 KHz and 
an T] of 0.38. However, the first computer traces eliminated 
this as a possibility, since it was then learned that if the 
shoulder is observable, the step should also be observable. 
The initial estimates of r) and cr^ were 0.1 and 0.4. 
o ^ was taken to be equal to a . An examination of Figure 
sat c 
Figure 19. An experimental derivative trace of the Cr B resonance. The 
signal is exceptionally strong in this compound, and it 
was possible to obtain excellent low noise undistorted traces 
such as this in relatively short periods of time. This trace 
was obtained in two hours with 2.2 Oe modulation. 
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Figure 20. The synthetic absorption derivative trace to be compared with 
the Cr^^B experimental trace of Figure 19. This was the only 
case in which the central line and the satellite broadening 
have the same value. This is probably due to the relatively 
weak quadrupole interaction in this compound. The horizontal 
scale is (v-Vq)vq~ • 
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Figure 21. The B absorption signal of CrB. The B spectrum is quite 
unusual in that it does not have a central line (spin 3). 
This trace may be compared rather roughly with the theoretical 
satellite distribution of Figure 13, bearing in mind that CrB 
has a small r). The splittings shown in this figure are taken 
from inflection point to inflection point and are consistent 
with the ^^B data. 
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Figure 22. A derivative trace of the B nmr in CrB. This trace is a 
derivative of the absorption signal shown in Figure 21. Less 
information can be obtained from this trace due to the poor 
signal-to-noise ratio, although it took thirteen hours to 
obtain this trace by conventional lock-in means, while it 
took only two hours to obtain the trace shown in Figure 21 
by the NAFP technique. Using the NAFP technique it was pos­
sible to make 288,000 scans through the resonance in two 
hours. This trace shown above was made by averaging only 
one hundred-twelve scans, though a great deal of signal en­
hancing is gained by lock-in detection. 
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Figure 23. An experimental trace of the Cr^^B resonance at 4 MHZ show­
ing only the inner pair of satellite lines. 
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Figure 24. An experimental NAFP trace of the B nmr in CrB. This trace 
was obtained in approximately one-tenth the amount of time 
required to obtain the trace shown in Figure 19. The splitting 
shown on this trace confirms the value of vq found from deriva­
tive spectra, but note that the steps due to the 0 crystallites 
are not visible on this trace. The synthetic absorption trace 
which fits this trace is shown in Figure 25. 
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Figure 25. The synthetic absorption trace to be compared with the ex­
perimental Cr^^B trace of Figure 24. This trace was gener­
ated using the same parameters as in the derivative trace 
of Figure 20. Note that the broadening makes it very dif­
ficult to see the steps at +1.00. 
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11 reveals that even for a as small as 0.3, the spectra are 
very similar for values of T] ranging from 0 to greater than 
0.2. In fact, the splittings are, for all practical purposes, 
identical, and the only significant difference is in the 
value of the ratio, A. /A, . This ratio was used as 
inner Dump 
the primary criterion in the fitting of the synthetic traces 
to the experimental traces. The ratio AH, /AH. is a 
^ " bump " inner 
less significant measurement when a is large and r) is small, 
as can be seen by examination of Figure 11, and this ratio 
was not given emphasis in this case. It was found that the 
value of this ratio calculated from synthetic traces remained 
constant at 1.74 as T] varied from 0.01 to 0.1, while the 
experimental value is 1.91. Consequently, the value of this 
ratio is not effective in the determination of small t], yet 
it should not be totally ignored, because the fact that its 
measured value is less than the experimental value does, at 
least, argue in favor of a small T] • It simply cannot be 
used as an effective tool in determining the precise value 
of T] . 
The ratio A. _/A, taken from the synthetic traces inner Dump 
increases as T) decreases until it reaches a value of 4.39 
when T] - 0,01. This is still less than the experimental 
value of 5.86, but the important consideration is that it 
ib iiicrecitiirig, which again poiiica Lowdrd d biuall t] • Iii TaCL, 
this suggests that T] is zero. Values of r\ greater than 0.1 
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can essentially be ruled out on the basis of both ratios, 
as they definitely trend away from the experimental values 
as T] is made larger than 0.1. However, there is no strong 
reason to choose between the trace with T) equal to 0.01 and 
the trace with r\ equal to 0.1. Accordingly, the value of 
0.05 was taken for t\ with the uncertainty extended to +0.05 
to take into account the r, = 0 possibility. The q = 0.05 
synthetic trace is shown in Figure 20. 
The value of V q» again taken from the splitting of the 
steps, is 40.0 + 3.0 KHz. Malyuchkov and Povitskii (7) 
measured Vq to be 35 + 3.5 KHz without considering the EFG 
asymmetry. Their value of Vq was obtained by measuring the 
splitting between the singularity derivative lines without 
considering the possibility of a nonzero asymmetry parameter. 
Their value is correct only because the asymmetry parameter 
is fortuitiously small. 
Several additional experiments were performed on the 
CrB sample. The first of these was an early attempt to 
measure the EFG parameters by studying the (spin 3) 
spectrum. This spectrum was studied by both the conventional 
lock-in detection method and the nonadiabatic fast passage 
method. The results of these experiments are consistent with 
the Cr^^B data, but no additional information is gained. 
Hov.'ever, this represeuLo Lhe first recoraing of an absorption 
lineshape for a spin 3 quadrupole satellite spectrum, and 
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accordingly, the experimental trace is shown in Figure 21 
in conjunction with the absorption derivative trace in 
Figure 22. The absorption spectrum is in excellent accord 
with the values of t] and Vq determined from the spectra. 
As an additional check on the values of q and Vq/ the 
^^B absorption spectrum was recorded with the NAFP technique 
(Figure 24), and may be compared to the synthetic trace 
(Figure 25) which has the same parameters as the synthetic 
derivative trace used to fit the experimental derivative 
trace. Again, the agreement is satisfactory. 
d. The VB results The ^^B spectrum of VB exhibits 
no satellite structure, but is characterized by an excep­
tionally broad symmetric "central" line with a peak-to-peak 
derivative width of 24.9 Oe. The most probable explanation 
of this is that the quadrupole interaction is quite small, 
with the result that the satellite lines are unresolved from 
the central line, yet broaden it considerably. Due to the 
total lack of structure, no estimates were made of the mag­
nitude of the EFG parameters. An upper limit might be 
placed on q, but even this would be hazardous without some 
verification that broadening is due to the satellite dis­
tribution. 
The spectrum of fh-i s sample is quite interesting. 
The site symmetry is the same as that of the boron and the 
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V spectrum presents an excellent prototype for the study 
of satellite shapes for nonzero T] when the nuclear spin is 
large (I - ^ for . The nucleus is very sensitive 
and excellent low noise traces exhibiting complicated spectra 
have been obtained. The analysis of this data is, however, 
incomplete at this time. It might be pointed out that of 
all the monoborides studied, only the Co and V nuclei are 
likely candidates for nmr studies. All the other nuclei 
(Cr, Ni, Mo, W, and Ti) either have small natural abundances 
or small gyromagnetic ratios, and often both, which makes 
them unattractive as nuclear probes. The Co nuclear magnetic 
resonance has not been observed. Comment regarding this is 
made in Part f of this section. 
e. The NiB results The x-ray powder patterns of the 
NiB indicate the presence of a large amount of an unidentified 
impurity phase. This is seemingly reflected in the 
spectrum. The central line is very intense relative to the 
satellite derivatives and this is thought to be due to the 
contribution of the impurity boride to the central line. 
The values taken for x] and V q  are 0.23 + 0.03 and 118.2 + 
3.0 KHz, but this work should be repeated with a pure 
specimen. 
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f. The CoB results The analysis of the ^ ^B spectrum 
of CoB was straightforward and yielded the following results : 
at 300°K, Vq = 111.1 + 2.0 KHz and r) = 0.21 + 0.05; at 77°K, 
Vq = 107.5 + 2.0 KHz and T] = 0.16 + 0.04. While these values 
overlap and merely suggest a temperature dependence of the 
EFG, an examination of the spectra removes all doubt. The 
appearance of the derivative spectra is quite different at 
the two temperatures (Figures 26 and 27) clearly indicating 
that the EFG is temperature dependent. 
The observation of the ^^B resonance resolves a conflict 
of opinions regarding the magnetic properties of CoB. On 
the basis of saturation magnetization and susceptibility 
measurements, Lundquist, Myers, and Westin (13) report that 
CoB is ferromagnetic with 0^ = 477°K and 6^ = 536°K. Con­
trary to this, Fruchart (60) states that CoB is not fer­
romagnetic and, further, that the Curie temperature of 
Fe^ ^Co^B tends to 0°K as x approaches 0,85. The observa­
tion of the ^^B nmr at an unshifted field position is con­
vincing evidence that CoB is not ferromagnetic above 77°K. 
A thorough search for the Co resonance ended in dismal 
failure. An attractive explanation for the absence of the 
nuclear signal is that a large magnetic moment resides on 
the Co atom. However, if this were the case the effect of 
this moment would be reflected by both a shift and a broaden­
ing of the boron resonance. The ^^B resonance is somewhat 
Figure 25. The Co^^B nmr spectrum at room temperature. The spectrum 
77°K is shown in Figure 27. 
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Figure 27. The Co B nmr spectrum at 77°K. Note how much better the 
inner pair of satellite lines are resolved here than in 
Figure 25. 
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broader in CoB than in the other monoborides, but this ad­
ditional width is probably due to a large nuclear dipole-
dipole interaction between the boron and cobalt nuclei 
rather than to strong paramagnetism. Further, the shift 
is very small - -.03%). These results are somewhat 
at odds with the model proposed above, and, at present, ad­
ditional information is needed to understand the absence 
of the cobalt nmr. 
S* The TiB results The ^^B spectrum of TiB has 
only one line on either side of the central line and the 
origin of this line is not known. Not enough information 
is available to determine the EFG parameters. 
This concludes the section devoted to experimental 
results of the monoboride study. The implications relevant 
to electron transfer and bonding will now be discussed. 
6. Conclusions regarding electron transfer and bonding in 
the monoborides 
The problem of electron transfer and bonding in the 
monoborides was initially discussed in the Introduction. 
To summarize the findings therein presented, the majority 
of the theoretical calculations and experimental results 
support one of two laodels, with, of course, minor variations. 
In one model, the boron atom transfers some of its atomic 
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electrons to metal-like d-bands with the remaining boron 
atomic electrons forming strong covalent bonds with the 
electrons of neighboring boron atoms. This is an attrac­
tive model in that it satisfactorily accounts for several 
of the refractory, electrical, and magnetic properties of 
the monoborides. In the second model, electrons are trans­
ferred from the metal atoms to the boron atoms, where they 
again contribute to the formation of strong covalent B-B 
bonds. In both models the d-band is localized on the metal 
atoms and for all but NiB is considered to be a conducting 
band. The electrons forming the covalent bonds are localized 
on the boron atoms, although in some cases they might also 
appear in a conduction band. In one variation of the first 
model, the electrons are transferred from boron to metal 
atoms, as before, but the model is then somewhat different 
in that it is thought that the remaining boron atomic elec­
trons do not form covalent bonds between neighboring boron 
atoms. In this model the boron atoms are considered to be 
metal-like and to reside in the interstices of the metal 
lattice. This model is supported by Kiessling (12) and 
Dempsey (18). 
The results from the nmr study that are relevant to 
the question of bonding and electron transfer are: 
1. The magnitude of the quadrupole frequency, V q/ 
is in all cases far less than the frequency 
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predicted on the basis of two equivalent covalent 
bonds between neighboring boron atoms (-2.2MHz). 
The largest measured Vq is that of WB, which is 
0.159 MHz. 
2. The asymmetry parameter is in all cases much less 
than the values calculated on the basis of the 
known B-B-B angles in these compounds. For example, 
the calculated values for CrB (115°) and MoB (127°) 
are .763 and .436, while the measured values are 
0.05 and 0.13. 
These results are consistent with the transfer of elec­
trons away from the boron atoms into the metal-like d-bands. 
If the 2p^ electron were transferred leaving only 2s elec­
trons, then the EFG from the boron electrons would be zero 
(since the s electrons have spherical symmetry). The small 
values measured for r\ and Vq are probably due to the point 
ion contribution to the EFG. In this model the boron atoms 
would not form strong covalent bonds, which is consistent 
with the model proposed by Kiessling (12) and Dempsey (18). 
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B. The Results of the NMR Study of the Magnetic 
Ordering in the Diborides 
1. The Néel temperatures of CrB^, Cr^ ggV^ 02^2' 
^^0.98^"0.02^2 
The temperature dependence of the nmr signal was 
used to determine the Nèel temperature of CrBg. The nmr 
signal intensity was measured by the nonadiabatic fast pas­
sage method as the temperature of the sample was decreased. 
It was found that the intensity vanishes rather abruptly 
over a narrow temperature range centered at 91°K (see Fig­
ure 28). As the temperature was decreased, the signal in­
tensity remained proportional to T~^ (the Boltzmann factor) 
until the temperature approached the Nëel temperature, at 
which point the intensity began to drop precipitously. The 
signal decreases from 90 to 10 percent of its maximum value in a 
5.5°C range. The resonance vanishes without shifting or 
broadening, which is characteristic of antiferromagnetic 
ordering without local moments. Barnes and Graham (23, 24) 
53 found a similar behavior of the Cr resonance as pure Cr 
ordered antiferromagnetically. They found that the temper­
ature at which the resonance intensity completely vanished 
corresponded to the Nëel temperature of Tj^ - 39°C measured 
rHfforenf 5 . this nri tori on wa q 
adopted for CrBg, with the extinction point located at 
Figure 28. The temperature dependence of the resonance 
intensity in the vicinity of the Ndel temperature. 
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= 88.0 + 2.0°K. The results of this experiment have been 
reported (61), and Castaing ^  (6 2) have recently con­
firmed these results. They find on the basis of suscepti­
bility and specific heat measurements that CrBg has a T^ of 
86.0°K. They also believe that the Cr atom does not have a 
moment. They are presently performing additional experiments 
in an attempt to confirm this. 
The temperature measurements were performed on two dif­
ferent samples, one prepared in the Ames Laboratory by arc 
melting, and the other obtained from Alfa Inorganics. The 
results for the two different samples agree extremely well. 
In both samples the signal vanishes over a 5-6°C range and 
the Ndel points are the same within 1°C. The intensity 
measurements were performed with both increasing and decreas­
ing temperature with no evidence of thermal lag. The tem­
perature was measured with a Cu-Con thermocouple with the 
junction embedded in the sample. There was a 3.0°C temper­
ature gradient across the sample at 85°K due to the gas 
blowing technique used to vary the temperature. This 
gradient artificially broadens the width of the transition, 
but has no effect on the T^ determination, since the thermo­
couple junction was placed in the warmest part of the sam­
ple. This last bit of the sample to order is the bit which 
contains the junction; since the extinction point is the 
Ndel point, the measurement of T^ is unaffected by the 
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gradient. 
In both samples a weak signal with an intensity of about 
five percent of the original intensity appears well below the 
Nëel temperature. By time averaging, this signal was en­
hanced until a good low noise trace was obtained. This sig­
nal is thought to be due to an impurity phase (there are two 
very faint impurity lines in the x-ray powder patterns), and 
the structure of the nmr spectrum allows one to rule out 
several possibilities. A direct comparison of this spectrum 
with those of CrBg, Cr^B^, CrB and B allows one to eliminate 
these possibilities out of hand. The only uninvestigated 
known phase of Cr-B is Cr^B^, which may be the source of the 
impurity signal, or it may possibly derive from some as yet 
unknown phase. 
Small quantities of Mn and V were alloyed with CrBg to 
determine the effect that this would have on T„. It was ex-
pected that the addition of V would decrease the number of 
electrons/Cr atom and be reflected in a decrease of T^ as 
in the Cr-V alloys (23, 63). This was, in fact, borne out. 
The Ne'el temperature of Cr^ ggV^ 02®2 found to be 
68.0 + 2.0°K. 
The width of the transition was five times (33°C) that 
in CrBg. Marcinkowski and Lipsitt (20) have related the 
width of the Nëel transition in Cr powder to the volume of 
imperfections, mainly dislocations and vacancies, producing 
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stress fields. The large width of the transition on the 2% 
V sample might be due to an effect such as this. Castaing 
et al. (62) have studied samples of the type Cr, V B_ and 
— — 1-x X 2 
report that = 75°K for Cr^ which would suggest 
that the addition of V has a smaller effect on than was 
found in this work. 
Just as it was thought that the addition of V would de­
crease T^, it was thought that alloying of a small quantity 
of Mn with CrBg would be reflected in an increase in the 
Néel temperature. Contrary to the expected, it was found 
that Crg ggMn^ 02^2 a of 83.5 + 2.0°K and that the 
transition has a width of 8.8°C. 
2. The Curie temperature of MnB^ 
The compound MnBg has been reported to order ferro-
magnetically on the basis of susceptibility and magnetiza­
tion measurements (16, 4). The central transition of the 
^^B resonance in MnB2 has a characteristic anisotropic 
shift lineshape (54), and the temperature dependence of the 
width of this resonance was used to determine the Curie 
temperature. For the purpose of this discussion let the 
linewidth be given by AH = 3K^^H. The magnetic suscepti­
bility follows a Curie-Weiss law (16), and as the tempera­
ture derrAasms the contribution of the susceptibility. 
3^^, to the linewidth becomes dominant. For temperatures 
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near the Curie temperature one may write 
AH = (104) 
where C is a proportionality constant. A plot of (AH)~^ 
against T yields a straight line (Figure 30) with a temper­
ature intercept of 140 + 2.0°K. This is the Curie temper­
ature and is in good agreement with the value of 148 + 5°K 
obtained by Cadeville (16) and the value of 143°K obtained 
by Andersson ^  (4). The (AH)~^ curve begins to increase 
again above 400°K and this same behavior was found in the 
susceptibility (4). 
It has recently been found that order persists above 
the Curie temperature. Kasaya et al. (3) have made zero-
field nmr measurements and have found that the frequency 
55 ' 
of the Mn resonance varies smoothly through the Curie 
temperature. They conclude that spin ordering exists above 
the Curie temperature and suggest that it is antiferromagnetic 
ordering. If this is the case, the hyperfine field due to 
the antiferromagnetic ordering must cancel at the boron 
site, since the nmr signal is essentially unshifted at 
room temperature. The compound MnBg has the AlB^ type (48) 
structure. It is quite easy to propose a model in which the 
hyperfine field is zero at the boron site. The MnB^ struc­
ture is layered with alternate planes of Mn and B atoms. 
Figure 29. The temperature dependence of (3K^H) for 
the resonance in MnB2 in the vicinity of 
the Curie temperature. 
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Figure 30. A comparison of the ^ B resonance intensity near 
the N^el temperature with that of the ^ ^Cr nmr 
in pure Cr which orders antiferromagnetically 
at 312°K. The data is plotted on a reduced 
temperature scale. 
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The B atom resides at the center of a trigonal prism with 
Mn atoms at the corners. If the layer of Mn atoms above a 
boron plane had their spins up and the layer below had their 
spins down, then their hyperfine fields would exactly cancel 
at the boron sites. 
1 The results of Mossbauer effect measurements confirm 
the existence of ordering above the Curie temperature. These 
experiments were performed on samples of the type Mn^_^Fe^B2 
with X - 0.05 and 0.10. 
C. The Diboride Nuclear Spin-Lattice 
Relaxation Time Results 
1. Testing the equipment and method 
The new modulation gating control designed and built 
by W. C. Smith and D. R. Torgeson (43) was incorporated into 
existing cw equipment in order to make T^ measurements util­
izing the Look and Locker method (1). The new device and 
7 the method itself were tested by measuring the Li nuclear 
spin-lattice relaxation time in lithium metal, which is 
well known. The sample used was a dispersion of Li metal in 
silicon oil. The adjustable experimental parameters are the 
^L. V. Cherry, Dept. of Physics. Iowa State University, 
Ames, Iowa. Môssbauer effect data. Private communication. 
1969. 
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modulation frequency, the modulation amplitude, and 
the rf-field, If these are set properly, that is, if 
"A A ' AH . and , (105) 
then the measurements should not in any way depend on 
^m' ^m' ^1' "^1 measured under widely varying con­
ditions, usually with two of the experimental parameters 
held constant while the third was varied over a wide range 
of values. In one set of measurements v and H, were held 
m 1 
constant at 40 Hz and 0.064 Oe, respectively, while % was 
varied in approximately 1.0 Oe steps from 4.1 Oe to 12.4 Oe. 
The average value of in this range was 144 msec, with a 
high value of 148 msec and a low value of 139 msec. In a 
similar manner, H and v were held constant at 7.2 Oe and 
m m 
40.0 Hz while the rf-field was varied from 0.032 to 0.81 Oe 
in 0.16 Oe steps. The results of the four measurements for 
T^ were 147, 145, 145, and 142 msec. The testing of the T^^ 
dependence as a function of was not as conclusive be­
cause the modulation amplitude varies slightly with 
For in the range 30 to 80 Hz, the measured values of T^ 
fall between 127 and 148 msec. On the whole, it was found 
that if the requirements of / and H^ are met, then 
the measured value of T^ is independent of these parameters, 
and further, these values of T^^ agree very well with the 
value of 143 msec obtained by Holcomb and Norberg (64). 
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2. Accuracy and limitations of the equipment 
It has been found that the Look and Locker method can­
not be successfully used for the measurement of a that is 
less than 20-25 msec with the existing equipment. This is 
apparently due to the following- When is short must 
be large in order to prevent complete recovery of the nuclear 
magnetization between passes. It is very difficult to turn 
on abruptly a high frequency modulation due to the metal con­
tent of the probe. Eddy currents are set up when an attempt 
is made to turn on the modulation abruptly, and it takes the 
modulation several cycles to obtain a triangular shape with 
a constant amplitude. When this is occurring the first few 
peaks are distorted and valid amplitude measurements are very 
difficult to make. This problem could possibly be circum­
vented by the construction of a non-metallic probe. 
An estimate of the accuracy of the T^ measurements is 
that they are correct to within ten percent. This estimate 
is based primarily on the scatter of the measurements. In 
most cases, especially those with long T^'s, the scatter is 
less than five percent, but there is some error due to the 
correction which must be made to account for the energy 
levels being split by the quadrupole interaction, and the 
ten percent accuracy estimate is made with this in mind. 
A c an CI -F-i^ro mcia en r-c^mon-t-c r\-f T" o-F "in Ti R 
made a room temperature. The average value of T^ was found 
162b 
to be 17.5 sec and the high and low values were 17.7 and 
17.1 sec, respectively. In this case the scatter is about 
two and one-half percent of the average value. On the other 
hand, seven measurements of the in VB^ yielded an 
average value of 2.65 sec and a range of values extending 
from a low value of 1.74 sec to a high of 2.99 sec. The 
scatter in these measurements is approximately 5 percent. 
3. The diboride T^ results 
The results of the T^ measurements are presented in 
Tables 4 and 5. Before discussing the relaxation mechanisms 
thought to be operative in the diborides, it is necessary 
to comment at some length on the complication of the measure­
ments due to the presence of the quadrupole interaction. 
The quadrupole interaction, if large enough, has a 
drastic effect on the relaxation process, not because of 
quadrupole relaxation, but because it splits the energy 
levels unequally. First consider those diborides which have 
quadrupole interactions which are large relative to the 
width of the modulation scan (TiBg, VBg, CrBg, and MoBg of 
the seven diborides studied). In these compounds most of 
the satellite contribution to the lineshape is outside the 
field scan and is not directly affected by the rf-field. 
o 
lllc CL y £> UdX X X X Wl. WJliXv^li o — Ju / J. o 
zero contribute to the lineshape in or near the central line. 
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Table 4. The nuclear spin-lattice relaxation times for 
the transition metal diborides 
Tl K T T^TK^ 
Sample (sec) (Knight 
shift) 
(10-4) 
(°K) Sec ° 
(10-G 
K 
) 
F 
exp 
TiBg 17 .5 +1. 7 -1.6+0.2 300 146 +53 0.017 
28 .8 +2. 9 -2.2+0.2 77 113 +57 0.022 
VB2 2 .65+0. 26 -2.4+0.6 300 50.9 +27 .7 0.048 
8 .51+0. 85 -3.2+0.6 77 68.9 +35 .1 0.035 
CrBg 0 .14+0. 014 -4.7+0.1 300 9.32+ 1 .32 0.26 
MoBg 5 .04+0. 50 -0.7 300 7.06+ .55 0.35 
ZrBg 3 .12+0. 31 -1.3+0.1 300 1.61+ 0 .40 1.52 
NbB2 0 .75+0. 07 -0.8+0.1 300 1.50+ 0 .50 1.64 
TaBg 1 .33+0. 13 -0.7 300 2.05+ 0 .75 1.19 
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2 Table 5. The room temperature experimental values of T^TK 
in jxsec °K for listed in the manner in which 
the metal atoms appear in the periodic table 
TiBg VB2 CrB 
146+53 50.9+27.7 9.32+1.32 
{113±57):77°K (68.9+35.1):77°K 
ZrBg NbBg MOBg 
1.61+0.40 1.50+0.50 
TaBg 
2.05+0.75 
7.06+0.55 
and can absorb rf-energy, although this is thought to be of 
little consequence and will not be considered further. 
Initially the levels are populated according to the Boltz-
mann law and the difference of populations between all ad­
jacent levels may be taken as the equilibrium value, 
since the quadrupole interaction, though large relative to 
the modulation, is much less than the Zeeman interaction. 
Due to the uneven spacing, only the to transition 
is affected by the rf-field. On the first scan through the 
resonance some nuclei are excited from the +-^ to the 
level. This creates an imbalance between all adjacent 
levels, and in the period before the next scan through the 
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resonance, magnetic relaxation can occur between all ad­
jacent levels. Due to the inbalances created, nuclei 
initially relax upward between the satellite levels 
- ^  and ^  y ^), but downward between the central levels 
(-^ + + •^). However, before the equilibrium populations 
are reached the next scan is made through the resonance and, 
eventually, just as in the spin ^  case, a dynamic equilibrium 
is reached. 
The relaxation process for spin ^  is much more compli-
1  3  
cated than the spin ^ process (or the spin ^  process when 
the levels are equally spaced). When the analysis of the 
data is performed, as in the spin ^  theory, a is ob­
tained and a relation connecting it to the real is 
needed. This has not been found exactly, due to the in­
ability to find in terms of M^. However, a good ap­
proximation has been obtained (see Appendix) which gives 
T^ = 5.5 T^. 
The origin of this factor can be simply explained. In 
the spin ^  case the relaxation of the magnetization after 
the initial scan is given by 
-t/T 
= Mg(l-xe ) , (106) 
2 
and the initial rate is given by 
ML = MQ ^ . (107) 
1 
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In the spin ^  case the magnetization of the central transi­
tion after the initial scan is given by 
1 -t/T, q -5t/T-
M3 - M^ (l-^xe - ^ xe •") , (108) 
2 
and the initial rate is given by 
"3 = = "o# • (1091 
2 1 1 
If the experiment is performed under the right conditions, 
especially with it is this initial rate that is 
measured, and then - 5.5T^, as can be seen by comparing 
Equations 107 and 109. 
This factor is an upper limit and in an actual experi­
ment it will be less than 5.5= Although an exact solution 
of in terms of has not been found, it is possible to 
generate synthetic data by computer which allows an accurate 
determination of (x,a) where a - This 
is possible since the magnetization due to the imbalance 
of populations of the and levels can be written as a 
function of x and a in the tone-burst sequence. For ex­
ample, the first signal in the sequence has an amplitude 
which is proportional to M^, and the second has an ampli­
tude proportional to 
Ml - M^(l-^xe - ^ xe"^^) . (110) 
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The magnetization immediately after the second scan through 
the resonance is given by 
m| = M^(l-x) , (111) 
and a similar expression for the magnetization due to the 
imbalance of population of the and levels is the 
initial condition necessary to find . Although extension 
of this calculation by hand becomes tedious, the task is 
relatively simple to perform by computer. The computer was 
programmed to calculate M (x,a) and then plot ln(M -M ) 
n n 00 
against n, just as is done in the analysis of experimental 
traces, and then from the slope and intercept of this plot 
to find T^ {x,a). The computer was further programmed to 
calculate 
Ti 
K(x,a) = Tfr • (112) 
Once K is known, T^ can be found from the measured T^. The 
following procedure was followed for each measurement of T^. 
T^ was calculated from the nmr tone-burst data, then the 
first approximation for T^ was obtained using the 5.5 fac­
tor. The factor a was calculated using this value of T^. 
For spin the factor x is given by 
X ^ ^ (113) 
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and is known in terms of experimental parameters. These 
values of a and x were then used as input parameters to 
find K. Equation 112 then is used to determine when K 
is found. If necessary, this new value of could be used 
in a to obtain a new K and a still better approximation of 
^1-
The factor K is a strong function of a, but depends 
rather weakly on x. This is not unexpected, since in the 
spin ^  problem x does not appear in the final expression 
from which T^ is calculated. With input parameters appro­
priate to the conditions under which the experiments were 
performed, the extreme values of K were found to be 
K = 3.48 for a CrBg measurement with x = 0.019 and a = 0.0427, 
and K = 5.45 for a TiBg measurement with x = 0.039 and 
a = 0.00044. Typically, the values of K were approximately 
5.0. In TiBg, VBg, CrBg, and MoB^ the ^^B quadrupoleinter­
action is strong enough to remove the satellites outside 
the modulation scan. The above described analysis was em­
ployed in these cases and the values of T^ appearing in 
Tables 4 and 5 have already been corrected. In TaBg, ZrBg, 
and NbBg the quadrupole interactions are small and the 
satellite patterns are covered by the modulation scan. In 
this case the relaxation is the same as in the spin ^  case 
(with the exception that x is four times larger) and 
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Silver and Kushida (5) explained the Knight shifts 
they obtained in the diborides on the assumption that core 
polarization (65) is primarily responsible for the frequency 
shifts observed. This effect is caused by the polarization 
of the s-core electrons by the d-electrons at or near the 
Fermi surface. This polarization of the s-core electrons 
then produces a Knight shift through the contact inter­
action. The core polarization effect is usually discussed 
in reference to the nucleus on which the d-electrons reside. 
In this case, the shift produced is always negative, that 
is, the magnetic field at the nucleus is less than the 
applied field. In the diborides, the effect on the nucleus 
would be due to a transferred core polarization, and the 
interaction would be expected to be considerably weaker than 
it would be at the metal nucleus. Small negative Knight 
shifts would be expected in this case. Silver and Kushida 
(5) measured both the and shifts in VBg: their re­
sults showed the shift to be about ten times larger than 
the ^^B shift, both being negative. The ^^B shifts of all 
those diborides studied are, indeed, small and negative. 
Further, if core polarization were the dominant interaction, 
one would expect the magnitude of the shift to increase in 
going from TiBg to CrBg, and this too is borne out experi­
mentally. 
If core polarization is the dominant contribution to 
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the Knight shift, it should also provide the dominant relaxa­
tion mechanism. The Korringa-like relation obtained by Yafet 
and Jaccarino (39) when core polarization is present should 
be applicable in this case. This relation was shown in Chap­
ter II, and is 
TidTK^F - A (114) 
where F is dependent on the relative populations of the 
and i'g d-electron states and varies between 0.2 and 0.5, and 
A is 2.45X 10"^ °K"Sec for the nucleus. 
The experimentally determined value of F is shown in 
Table 4. The value of F found for both CrBg and MoBg is in 
excellent agreement with theory, and good agreement is found 
for ZrBg, NbBg/ and TaBg. Only TiBg and VB^ exhibit experi­
mental F values grossly different than would be expected. 
The addition of another relaxation mechanism does not clarify 
this, since the experimental values of T^ are already exces­
sive. Despite lack of understanding of the large T^ values 
of TiBg and VBg/ the temperature dependence of K and T indi-
2 
cates that T^TK even in these cases is constant (or at least 
varies slowly with T) and that a Korringa-like relation still 
applies. 
Before concluding this section, it should be pointed out 
_ _ _ 2 
LhaL Lae uncertainty in the calculated values of is 
considerable. The T^ measurements are considered to be 
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accurate only within ten percent, and the Knight shift 
2 
measurements are somewhat less precise. This gives T^TK 
values that are quite uncertain. (See Table 4 for the es-
2 timated uncertainty of T^TK in each compound.) The average 
value was used to calculate F, and, of course, the uncer­
tainty is also reflected in this number. In spite of the 
large uncertainty, it is felt that the experimental values 
of T^, with the exception of the values obtained for TiBg 
and VBg/ agree very well with the core polarization spin-
lattice relaxation theory. 
D. The NAFP Technique 
In conclusion, this section briefly points out the use­
fulness of the nonadiabatic fast passage technique for re­
cording the nmr absorption signal. Figure 33 shows a re­
cording of the absorption nmr signal in ZrBg, which very 
clearly exhibits the as yet unexplained doublet structure of 
the central line which is common to almost all the ^ ^B nmr 
spectra of the diborides. This resolution of the two peaks 
(- 1 Oe separates them) cannot be obtained by lock-in 
detection methods. This trace also shows the 90° crystal­
lite satellites bracketing the central line. 
Four recordings of the ^^B nmr in pure boron are shown 
in Figure 34. These traces show a wing which grows out of 
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the central line as the frequency is decreased. The origin 
of this interaction is unknown, but it might be a 2nd order 
quadrupole splitting of the central line. The quadrupole 
parameters remain unknown for pure boron. Figure 36 shows 
45 
a NAFP experimental trace of the Sc nmr in ScBg, providing 
an excellent example of the 2nd order quadrupole split cen­
tral lineshape (65). Figure 35 is a recording of the ^^^Cd 
nmr signal in pure Cd, exhibiting the characteristic Knight 
shift lineshape (66). Note the similarity of the anisotropic 
45 
shift lineshape to that of the ScBg quadrupole split shape. 
In addition to recording the absorption lineshape, all these 
traces were obtained in much less time than would have been 
required to obtain equally low-noise derivative traces with 
lock-in detection. 
Figure 31. A tone-burst trace of the B nmr in TiB?. The vertical scale 
is an arbitrary amplitude scale and the horizontal scale is a 
time scale. The decay of the baseline is due to hysteresis in 
the probe. 
4 
u 
TONE BURST TRACE 
OF Ti "Bg RESONANCE 
Z/=I6MH2 Z/m=40Hz Hm=60 0e 
280 PASSES, 18 SEC DELAY BETWEEN PASSES 
Mc o  = 3.3 
43.9 
33.8 
29.6 
n 
Figure 32. A graph of the data shown in Figure 31. 
T' = 3.5 sec and the corrected value for 
is 17.5 sec. 
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Figure 33. A NAFP trace of the B spectrum in ZrB^. The small resonance 
on either side of the central line are satellite resonances 
due to the 90° crystallites ( r| = 0). The doublet structure of 
the central line is of unknown origin and is not field dependent. 
Zr "Bg 
ABSORPTION SIGNAL(NAFP) 
V = 16.0 MHZ 
97,000 SCANS 
16 MSEC/SCAN 
SCAN WIDTH 40 Oe 
Figure 34. NAFP recordings of the B pure boron nmr. The 
wing which grows out of the central line as the 
frequency decreases is of unknown origin, but 
might be due to the quadrupole interaction. 
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Figure 35. A NAFP recording of the Cd powder resonance in pure Cd metal. 
This is the lineshape characteristic of the anisotropic Knight 
shift. 
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ANISOTROPIC ABSORPTION 
LINE SHAPE RECORDED BY 
FIRST PASSAGE TECHNIQUE 
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Figure 36. A NAFP recording of the Se central line in ScBg. This line­
shape is due to 2nd order quadrupole splitting. Note the sim­
ilarity of this lineshape with that of the Cd resonance in 
Figure 35. 
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ABSORPTION LINE SHAPE 
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14.4597 14.4830 14.5041 
MAGNETIC FIELD (Oe) 
14.5257 
185 
V. SUMMARY 
A. The Monoborides 
The EFG parameters at the boron site were measured by 
analysis of nmr spectra in several of the transition metal 
monoborides. Synthetic derivative lineshapes were generated 
by computer, and comparison of these lineshapes with experi­
mental traces led to accurate unambiguous measurements of 
both T] and Vq. The experimental values of both R] and Vq  
were found to be an order of magnitude smaller than predicted 
on the basis of strong covalent bonding between neighboring 
boron atoms. On this basis it is concluded that the boron 
atoms do not form strong covalent bonds with their neighbors. 
The results are consistent with the transfer of the 2p^ 
boron electron away from the boron atom and into the metal­
like d-band. In this model the boron behaves very much like 
a metal atom, and resides as a plus ion in the interstices 
of the metal lattice. The net EFG is thought to be due 
primarily to the ionic and conduction electron contributions. 
B. The Magnetic Ordering of CrBg and MnB^ 
The temperature dependence of the ^^B nmr signal was 
used to determine the N^el temperature of CrBg. It was found 
that the signal intensity dropped precipitously as the order­
ing temperature was approached. The signal vanished over a 
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narrow temperature range of 5.5°C centered at 91°K. Adopting 
the criterion that the extinction point is the N^el tempera­
ture, as in the case in pure Cr (23, 24), it was found that 
CrBg orders antiferromagnetically at = 88.0 + 2.0°K. 
Since the nmr signal vanishes without shifting or broadening 
as the N^el temperature is approached, it is thought that 
the ordering is without local moment. The Curie temperature 
of MnBg was measured by plotting the quantity ^ 
against the temperature. This plot has a temperature inter­
cept which is the paramagnetic Curie point, and this was 
found to be 140 + 2°K, which is in good agreement with 
values obtained by different methods. MnBg is ordered 
above the Curie temperature, quite likely antiferromagnetically 
and the observation of the signal in this region is the 
first example of the observation of conventional nmr in an 
antiferromagnet. 
C. The T^ Measurements in the Diborides 
The ^^B nuclear spin-lattice relaxation rates were 
measured in several of the transition metal diborides. The 
spin ^  theory of Look and Locker (1) was extended to apply 
to the spin ^  case when a nuclear quadrupole interaction is 
present. The nuclear relaxation measurements are more com­
plicated in this case because the rf-field only excites 
nuclei from the ^  to the level, but the subsequent 
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relaxation is through all adjacent levels. Nevertheless, 
the tone-burst method remains applicable because the factor 
relating to the measured is calculable. The measured 
values of T^, with the exception of those for TiBg and VBg, 
are in good agreement with rates predicted on the basis that 
core polarization relaxation is the dominant relaxation 
mechanism. 
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VIII. APPENDIX 
In this section the tone-burst theory will be extended 
to apply to the spin ^  case when a quadrupole interaction is 
present. The magnetization of the central level is given by 
M ^ M^[l+ae"^^^+ be "^^WT^ (A.l) 
where = (2W)~^. In the approximation that the satellite 
No 
levels have population differences of n^ + — if the popu­
lation difference of the central levels is n - N , where 
o G 
n^ is the equilibrium difference, it is possible to write 
"n+1 ^ M^(l - f) + M^(l-x)f , (A.2) 
where 
1 , 9 
' = ÎÔ® + ÎÔ® 
This is exactly the same expression that was obtained in the 
1 --[/Tl 
spin *2 case except that e is replaced by 
1 -T/T. q -6T:/T, 
(ïô® + ) ' 
The development proceeds in the same fashion as in the spin 
^ case and instead of obtaining 
-T/T 
e = F(M^,I,S) (A.3) 
one gets 
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1 -1^/Tn g -6t 
ïô® + Xô® - F(M^ ,I,S) . (A. 4) 
The in Equation A.4 is the measured quantity, and if one 
calls this T^ , then from Equations A.3 and A.4; 
1 -r/T -6T/T, -T/T' 
ÏÔ® + ÏÔ® " ® (A'5) 
Since T/T^ is very small on both sides of Equation A.5, both 
sides may be expanded to yield the relation between and 
= 5.5 . (A.6) 
